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SEDIMENTOLOGICAL, STRUCTURAL, AND ORGANIC GEOCHEMICAL
CONTROLS ON NATURAL GAS OCCURRENCE IN THE ANTRIM
FORMATION IN OTSEGO COUNTY, M IC H IG A N

Timothy M. Dellapenna, M.S.
Western Michigan University, 1991

The prolific Antrim Formation natural gas reservoir in Otsego County,
Michigan, has been examined using core descriptions, X-ray diffraction,
petrographic, and geochemical analyses.

New stratigraphy nomenclature is

proposed for the Antrim and Ellsworth Shales.

The Antrim Shale contains

two distinctive lithofacies: (1) a fractured, non-bioturbated, silica-rich, organicrich black shale lithofacies; and (2) sparsely fractured, bioturbated, carbonaterich, organic-poor gray-green shale.

Gas production comes from the Black

shale facies.
Rock-Eval analysis demonstrates that the organic matter is a mixture of
types I and II material.

Low Tmax (435°C) and vitrinite reflectance

(0.41-0.46%) values indicate a submature thermal maturation level.

Del 13

carbon isotope analysis of produced gas samples demonstrates that the thermal
maturation of the gas and the Antrim source beds are correlative.

High SI

values (8.25 milligrams free oil /gram of rock) and physical observations of oil
staining demonstrate that Antrim oil has been generated.
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CH APTER I

INTRODUCTION

General Background of the Problem

In recent years, drilling for natural gas has increased dramatically in
the Antrim Formation, primarily in Otsego and Antrim Counties, Michigan.
There were 543 wells completed in the Antrim Formation in 1989, and 759
wells were completed through December 10, for 1990, compared with 15 wells
in 1985 and 32 wells in 1986.

The success rate has been over 95%, but

production rates have remained relatively low, 30 -150 Mcf/d (McGuire and
Oliver, 1988).

Because of the low production rates, this play has been

dominated by small independent petroleum companies.
This study is based primarily on observations from the four publicly
available conventional cores from Otsego County, Michigan (Figure 1).
Figure 1 shows the locations of the cores used in this study as well as the
locations of all of the wells and gas fields where other geological data were
obtained and Appendix A gives the exact locations. Figure 2 shows the cored
intervals of the publicly available core of the Antrim Formation from the
Michigan Basin.

This study focuses on the geologic controls on natural gas

occurrence in the Antrim Formation in Otsego County, Michigan.
1
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Figure 2. Stratigraphic Relationships of Publically Available Antrim Core.
Note: Only Otsego County Cores Were Used in This Study.

controls fall into three general categories: (1) lithofacies and depositional
environment; (2) amount, distribution and maturation of organic matter; and
(3) the frequency and distribution of natural fracturing.

By integrating core

descriptions, mineralogic data, and organic geochemical data, a lithofacies
model has been developed.

Correlation of these lithofacies to wireline log

facies, and wireline log cross sections has resulted in a model for the
depositional environment Vitrinite reflectance and Rock-Eval pyrolysis have
been used to determine the level of thermal maturation, and Rock-Eval
pyrolysis has been used to quantify the amount, type and distribution of
kerogen.

Isotopic analysis of produced gas samples was used to differentiate

between a biogenic versus a thermogenic origin of the natural gas and to
determine the thermal maturation level of the gas source. Analyses of natural
fractures in oriented cores were used to determine fracture frequency and
orientation.

Previous Work

Early Studies

The Antrim Shale was first noted by Douglass Houghton in 1838 as a
black, bituminous shale occurring in several localities in the Southern
Peninsula, and reported by C. C. Douglass as early as 1841 (Ells, 1979). The
Antrim Shale was subsequently refereed to as the Portage, Huron, Ohio Black

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Shales, and St. Clair Shale (Martin and Straight, 1956).

The name Antrim

Shale was first used by A. C. Lane in 1901 as a replacement for the term "St.
Clair." Lane discussed the Antrim Shale under its new name for the first time
in 1908 (Ells, 1979). Ulrich (1927) found faunal evidence that the upper part
of the "Antrim Black Shale" is of Mississippian age.

Newcombe (1933)

discussed the geologic relationships of the Antrim Shale and the Traverse
Limestone, Bedford and Sunbury Shales across the basin. The term Traverse
Formation was probably introduced by Bishop (1940) for stringers of black
shale and interbedded gray shales and carbonate mudstones occurring below
the "transitional zone" which she believed were more closely related to the
Antrim Shale than to the Traverse Limestone.

She applied this name to

shales and shaley limestones below the black Antrim Shale in Allegan County
(Ells, 1979).

Hale (1941) discussed the "intertonguing" of the Antrim and

Ellsworth Shales and proposed the name "Elltrim" for the finely laminated
alternating green and black shale that occurs at the gradational transition from
the Antrim to the Ellsworth Shales.

Hale (1941) also examined the

relationship between the Coldwater, Ellsworth and Antrim Shales and
suggested that since these formations differ so much from the western side of
the state to the eastern, that they may have been deposited in separate basins
at different times.

Tarbell (1941) developed cross sections across the basin

using cuttings and found that "the Antrim thins out noticeably from east to
west and the upper two-thirds interfingers with the lower half of the Ellsworth.
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Second, the Ellsworth is confined to the western counties and where studied
is almost uniform in thickness" (Tarbell, 1941; p. 724).
Cohee, Macha and Hoik (1951) discussed the subsurface geology and
natural gas potential of the Antrim Shale and assigned the "Traverse
formation" or "transition zone" to the Antrim Shale. Cohee et aL (1951) also
discussed the geometry of the Ellsworth Shale package and the relationship
between the Ellsworth and the Antrim Shale.

McGregor (1953) presented a

stratigraphic analysis of Upper Devonian and Mississippian rocks in the
Michigan Basin.

Mitten (1957) applied a differential thermal analysis to

samples of the Antrim Shale from Oakland County, Michigan.
Lemone (1964) created basin-wide wireline log cross sections to look
at the regional stratigraphic relationships of the Coldwater Shale through
Antrim Shale. He concluded that "the lower Antrim is continuous throughout
the entire basin, but that the Upper Antrim is found only locally, west of a
major north-south trending barrier and/or isopach thin axis" (Lemone, 1964;
p. 1).
Asseez (1967 and 1969) looked at the paleogeography of the Lower
Mississippian of the Michigan Basin.

He concluded that the Antrim Shale

was deposited in a reducing, shallow-water environment which persisted
through the time of the Antrim deposition and chemically altered the
succeeding deltaic deposits.

Ehlers and Kesling (1970) described outcrops of

the Antrim Shale in Alpena and Presque Isle Counties, and Kesling, Segall,
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and Sorensen, (1974) described Antrim outcrop in Emmet and Charlevoix
Counties.

Matthews and Humphrey (1977) identified the Antrim Shale as a

significant but underdeveloped natural gas resource in Michigan.

Department of Energy’s Eastern Gas Shale Project

During the late 1970s through early 1980s the United States Department
of Energy (D.O.E.) undertook the Eastern Gas Shale Project, in which a
number of black shales were evaluated to determine potential for natural gas
resources.

The Antrim Shale was one of these shales.

The Dow Chemical

Corporation, Midland, MI, was the primary contractor for the Antrim Shale
work, and at least 50 small unpublished studies were funded to look at various
aspects of the

Antrim

Shale

ranging from

traditional

geologic

and

sedimentologic studies to rock mechanics, thermodynamics of heating the shale,
engineering parameters, elemental assays, to legal and environmental impact
studies of oil retort projects.

At least eight cores were recovered from

Sanilac County (three of which are housed at the Core Research Laboratory
at Western Michigan University, Kalamazoo, MI; the whereabouts of the rest
are unkown) and a pilot oil retort project was undertaken, but was
unsuccessful because the underground fires could not be maintained.

As a

result of this project, several very good studies were published on the geology
of the Antrim Shale.
Bennett (1978) looked at the mineralogy, texture, lithofacies and
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depositional environment of the Antrim Shale; this study focused primarily
on cores from Sanilac County, MI.

Bennett identified four lithofacies within

the Antrim, but reported mineralogy apparently as an average for the entire
formation. He reported the Antrim as being composed of 50-60% quartz, 2035% illite, 5-15% kaolinite, 0-5% chlorite, and 0-5% pyrite, with both illite and
chlorite increasing in abundance in basinward facies
Hockings, Ruotsala, and Bennett (1979) and Routsala (1980) looked at
the mineralogy and physical properties of the Antrim Shale from samples in
Sanilac County.
thesis.

They basically reiterated the findings in Bennett’s (1978)

Cross (1980) discussed the palynology and depositional environments

of the Antrim Shale. Ells (1978) discussed the appraisal of Antrim natural gas
pools and determined that the Antrim Shale was an underdeveloped resource.
Ells (1979) assembled the most comprehensive set of cross sections
available for the Antrim Shale and the most comprehensive summary of
historical research on the Antrim Shale. Ells used wireline logs from 99 wells
to create six cross sections which transect the entire basin.

Fisher (1980)

discussed the stratigraphy of the Upper Devonian-Lower Mississippian.

This

work includes a series of isopach maps of each formation. According to Ells
(1978), Fisher (1980), and Lilienthal (1978) the lithofacies of the Ellsworth
Shale and the Upper Antrim Shale are different, but time equivalent, and
interfinger along a line which extends North-South along the west-central side
of the basin. According to the stratigraphy of Ells (1978), Fisher (1980), and
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Lilienthal (1978), the lateral contact of the "Upper Antrim" and the Ellsworth
Shale occurs along the western border of Otsego County.
Hathon (1980) addressed the question of the origin of quartz in the
Antrim Shale and found that there is an anomalously high content of quartz.
He found that the black lithofacies contains up to 50% quartz by volume. He
postulated that much of the quartz may have been the result of radiolarian
productivity, but due to neomorphism, he was unable to come up with any
conclusive results.

Hathon, Sibley and Cambray (1980) performed outcrop

studies of the Antrim. Wardlaw (1981) investigated the diagenetic and isotopic
zonation of carbonate concretions within the Antrim. These concretions were
apparently precompaction, not deeply buried. The carbon source was organic,
the pore fluid was isotopically (oxygen) light and the system was open.

He

also determined that the concretions originated as a result of bacterial activity
and were early diagenetic; he did not, therefore, record any pore fluid changes
that occurred during compaction.
Briggs and Douglas (1980) performed a lithologic examination of cores
and cuttings primarily from Sanilac County.

Leddy et al. (1980) investigated

the chemical composition of the Antrim Shale.

Snyder and Maness (1980)

performed a pyrochromatographic study and determined that most of the
samples they analyzed were potentially gas productive.
As part of tijis D.O.E. study, three cores were also taken in Otsego
County.

A series of studies was undertaken to describe the cores and
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investigate natural fracture orientations.

Studies were also performed to

investigate induced fracture orientations; however, these cores were never
described for sedimentological characteristics.

Post D.O.E. studies

Matthews (1983 and 1986A) identified
the Antrim Formation.

Foerstia (Protosalvinia spV in

Foerstia (Protosalvinia spA is a problematic fossil of

probable algal affinity which is an index fossil to a thin biozone within the
Upper Devonian.

He correlated it to other Devonian Shales in Ontario and

the Appalachian Basin. Matthews (1985) discussed the relationship of fractureinduced gas reservoirs to stratigraphic controls in the Antrim Shale and other
eastern Devonian shales.

He also related the relationship of gas production

to facies (Matthews, 1986B).

Matthews (1989) discussed the stratigraphic

relationships within the Devonian-Mississippian shale sequences in the
Michigan Basin and postulated that there are a number of paraconformities
and disconformities within this sequence.
Russell (1985) discussed the deposition of the Kettle Point Shale in
Ontario using the gamma-ray stratigraphy and demonstrated that it is an
extension of the Michigan basin Antrim Shale system. Gutschick (1987) wrote
an outstanding outcrop description and interpretation of the depositional
environment of the Antrim Shale in the Paxton Quarry in Alpena, Michigan.
He described the Traverse Limestone through Antrim Shale as having been
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deposited in one continuous depositional system. McGuire and Oliver (1988)
summarized the Antrim Formation natural gas reservoir properties and drilling
statistics and postulated that most of the gas in the Antrim is adsorbed within
the shale matrix and that the reservoir acts very similar to a coal-bed methane
reservoir. Piotrowski, Long and Vogel (1989), as part of a thesis in progress,
discussed the use of first-row transition elements in interpreting the
sedimentology of the Antrim Shale and found that the distribution of these
elements is facies dependent.
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CHAPTER II

STRATIGRAPHY AND LITHOFACIES

The stratigraphy and lithofacies of the Antrim Formation as well as
the overlying Ellsworth Formation and the underlying Traverse Formation
will be discussed here.

The discussion is based primarily on observations

from three cores: the St. Chester 18, Club 4-40, and Latuszek Bl-32
(Figure 2).

Because of current confusion in the stratigraphic nomenclature

of the Antrim and Ellsworth Formation, new nomenclature is proposed. Type
sections for each of the units encompassed by the Antrim Formation are also
proposed.

Traverse Limestone

The Traverse Limestone is discussed briefly herein because the Traverse
Limestone and the Antrim Shale are genetically related units. Since the focus
of this study is on the Antrim Formation, discussion of the Traverse Limestone
is brief.

A more detailed discussion of the Traverse Group is offered by

Runyon (1976). Two of the cores studied (Wolverine Club 4-40 and Welch St.
Chester 18) cut the upper portion of the Traverse Limestone.

12
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13
Lithofacies of the Traverse Limestone

The lithofacies of the Traverse Limestone through Antrim Formation
contain one continuous depositional package.

The portions of the Traverse

Limestone present in the cores used in this study are composed of four
general lithofacies identified using the classification for carbonate rocks
proposed by Dunham (1962).

The lithofacies are: (1) calcareous mudstones,

(2) skeletal grainstones, (3) skeletal boundstones, and (4) carbonate skeletal
wackestones.
The calcareous mudstone contains hard grounds, fenestral fabric, and
sparse brachiopod, bivalve, and bryozoan fragments.
probably deposited in a peritidal environment

This lithofacies was

The skeletal grainstone

lithofacies is primarily composed of crinoid, bivalve, bryozoan, and brachiopod
fragments that were deposited as reefal debris.

The skeletal boundstone

lithofacies contains stromatoporoid and coral fragments as well as the same
faunal assemblage found in the grainstones, but in a framework structure.
This lithofacies was probably deposited as part of small patch reefs.

The

carbonate wackestone lithofacies is composed primarily of micrite and was
deposited in a carbonate platform setting.
These lithofacies and depositional environmental interpretations are
consistent with the previous work of Runyon (1976). In both cores, the same
basic lithologic assemblage is present (Figure 3).

Figure 3 shows the facies
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Figure 3. Facies Relationships in the Traverse Limestone Between
Chester 18 and Club 4-40 Cores.

the St

relationship between these two wells. In this facies assemblage the carbonate
mudstone lithofacies is present at the bottom of the sequence; overlain by
carbonate grainstones, and overlain by the wackestone lithofacies at the top
of the sequence.

The boundstone lithofacies only occurs within the Club 4-

40 core and probably was deposited as a small patch reef.

Antrim Group

Traditional Stratigraphic Nomenclature

New stratigraphic nomenclature is proposed because there has been a
great deal of confusion in the past as to the definition and distribution of the
Antrim Shale and Ellsworth Shale. Previous formal stratigraphic nomenclature
has been outlined by Ells (1979).

According to the Ells’ (1979) stratigraphy,

the Ellsworth Shale exists in the western side of the basin and is equivalent
to the "Upper Antrim" of the central and eastern side of the basin.

The

division between the Ellsworth Shale and Upper Antrim was arbitrarily set at
the border-line between Otsego and Antrim Counties.
Drillers’ reports, which are filed on every well drilled for hydrocarbons,
are reposited at the Michigan Geological Survey, Lansing, M I, and list the
depths of the tops of the formation encountered.

In Otsego County,

depending on the geologist who filled out the form, the Ellsworth Shale has
also been called the Upper Antrim, Light Antrim, and even the Bedford Shale
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and the Sunbury Shale.

The Antrim Formation lies directly below the

Ellsworth Formation. The top of the Antrim Formation has been reported as
the top of the Antrim Shale as well as the top of the Lower Antrim or Dark
Antrim Shales.

New Stratigraphic Nomenclature

The Antrim Group is proposed to contain two related formations
(Figure 4).

The gamma ray log is typically used to pick formation tops in

the subsurface in the Michigan Basin.

Figure 4 shows the new stratigraphy

correlated to the gamma ray log of the Latuszek Bl-32 well.

The basal

formation of the Antrim Group is the Antrim Formation and the Ellsworth
Formation is the upper formation. The Antrim Formation has been subdivided
into four members: the Chester Black Shale, Crapo Creek Gray Shale,
Charlton Black Shale, and Mud Lake Gray Shale members (Figure 4).
On drillers’ reports the Antrim Formation has been subdivided into
informal units as well.

The unit herein proposed as the Chester Black Shale

Member has been informally called the Upper Black Shale and the "Upper
Hot Streak"; the "hot streak" is in reference to its high gamma ray signature.
The unit herein proposed as the Crapo Creek Gray Shale Member has been
informally called the Middle Gray and the "Thief Zone"; the term "thief zone"
is in reference to the idea that it may "steal" induced fractures from the black
shale units above and below during completion attempts.

The unit herein
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Figure 4. Regional Stratigraphic Nomenclature Correlated to the Latuszek B l32 Gamma Ray Logs.

proposed as the Charlton Black Shale Member has been informally called the
Lower Black Shale or "Lower Hot Streak."
The unit proposed herein as the Mud Lake Gray Shale has been
traditionally called the Traverse Formation. The Traverse Formation name is
misleading because it implies that this unit is part of the below lying Traverse
Group.

The term is also technically invalid because there is already a

formation in the basin with the name Traverse Limestone, which when the
lithologic extension is dropped and the name is formalized, would also be
called the Traverse Formation.

Both Newcombe (1933) and Bishop (1940)

state that this unit of rock is transitional from Traverse Limestone to Antrim
Shale but is more closely related to the Antrim Shale.

Regional Stratigraphy of the Antrim Group

The Antrim Group is Upper Devonian-Lower Mississippian, with the
system boundary within the Antrim Group.

The Antrim Group is part of a

large Devonian black shale system which extends across most of the easterncraionic region of North America (Figure 5), and is litho-stratigraphically
equivalent to the Kettle Point Shale of southern Ontario, the New Albany
Shale of the Illinois Basin, the Ohio Shale in Ohio, the Chattanooga Shale of
the Appalachian Basin, the Woodford Shale of Texas and Oklahoma, and the
Bakken Shale of the Williston Basin.

The Antrim Group is present

everywhere in the Michigan Basin except where truncated by erosion at the
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Figure 5. Regional Distribution of Devonian Black Shales
(After Hoover, 1960).

basin margins (Figure 6).
The Antrim Group is underlain by the Traverse Limestone and overlain
by the Sunbury Shale on the western side and center of the basin, and the
Bedford Shale in the eastern side of the basin (Figure 7).

Lithofacies and Stratigraphic Units of the Antrim Formation

The Antrim Formation contains two general lithofacies, a black shale
lithofacies which makes up the Chester and the Charlton Black Shale Members
and a gray shale lithofacies which makes up the Crapo Creek and Mud Lake
members. These lithofacies are generalized and based on observations of all
of the cores studied.

There are some differences between individual units.

The contacts between these lithofacies are gradational.

Gray Shale Lithofacies

The gray shale lithofacies of the Antrim Formation is composed of
fossiliferous, carbonate-cemented, green-gray shales with both moderately and
intensely bioturbated beds (Figures 8 and 9).

Mineralogically, this facies

contains calcite, dolomite, quartz, illite, muscovite, chlorite, kaolinite, pyrite
nodules, and a few sparse phosphatic nodules (Appendix B).

The primary

mineralogic difference between the gray shale lithofacies and the black shale
lithofacies is the amount of carbonate and quartz. The gray shale lithofacies
is enriched in carbonate and only contains a minor amount of quartz.
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Figure 6. Map of the Subcrop of the Antrim Formation in Michigan
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Figure 8. Photos From the Club 4-40 Core of the Top of the Traverse
Limestone and Base of the Mud Lake Gray Shale Member of
the Antrim Formation. Bar = 2 cm
A. base of the Mud Lake Gray Shale, note the bioturbation in the lower
portion of the photo, the carbonate concretion at (a), and the bed of
crinoidal fragments (b). B. Uppermost Traverse Limestone, note the top of
T.L. (c); the abundant crinoidal fragments which appear as small white
circles, and the pyrite nodules (d); Bar = 2 cm
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B

1580

Figure 9. Photos From the St Chester 18 Core From the Mud Lake Gray
Shale Member.
A. Middle of the Crapo Creek Gray Shale Member, note the light colored
bed in the middle of the photo, it is tightly cemented with carbonate and
is intensely bioturbated. B. From below A, in the Crapo Creek Gray
Shale Member, note that bioturbation increases upwards in the photo, with
the top most beds being intensely bioturbated, with no bedding planes
preserved. Bar = 2 cm.
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black shale lithofacies contains a high content of quartz and only a minor
amount of carbonate. This will be discussed in more detail in the chapter on
mineralogy.
In the lithofacies of the Antrim Formation there is a direct relationship
between color and Total Organic Carbon (TOC): the higher the TOC, the
darker the color.

The TOC values for this lithofacies average about 0.5%

(Appendix C), with moderately bioturbated, darker-colored beds as high as
1.0% and intensely bioturbated, lighter-colored beds as low as 0.15%.
Fossils present in this lithofacies are mainly fragments and include
brachiopods, bivalves, crinoids, bryozoans, ostracods, and trilobites. There are
some black shale beds present within this lithofacies.

These black beds are

not bioturbated and have no observable macrofossils.

Although some

mineralogical variations exist, both the Mud Lake Gray Shale and Crapo
Creek Gray Shale members of the Antrim Formation are made up of this
gray shale lithofacies.

Mud Lake Gray Shale Member

The type section of the Mud Lake Gray Shale Member is contained
in the Wolverine Club 4-40 core, which is also known as the EGSP MI-1
(Appendix A). The name Mud Lake comes from the lake of the same name
located in Section 6, R29N T01W, the nearest geographical reference to the
well.
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The contact between the Traverse Limestone and the Mud Lake Gray
Shale member of the Antrim Formation, as observed in these cores, is
gradational and occurs where the lithology changes from a skeletal carbonate
wackestone of the Traverse Limestone (Figure 10) to a carbonate-rich
mudstone of the Mud Lake Gray Shale (Figure 8). In the type core this occurs
at the top of the last appearance of abundant crinoidal fragments (Figure 8).
As the skeletal fragments increase down section within the wackestone
lithofacies, the lithofacies becomes progressively more grain supported
(Figure 10). As seen in Figure 8, the contact between the Traverse Limestone
and the Mud Lake Gray Shale is subtle.

Above the contact the unit is a

mudstone with sparse fossil fragments. Below the contact, within the Traverse
Limestone, there are a few mudstone beds with the Mud Lake Gray Shale
characteristics.
In the Wolverine Club 4-40 core the base of the Mud Lake Gray Shale
Member is at a depth of 1350 feet

Although the Mud Lake is a calcareous

skeletal mudstone, there is some quartz present and the quartz content
increases up section.

Using the gamma ray log, the base of the Mud Lake

Gray Shale member in the Club 4-40 well occurs where the gamma ray curve
drops below 50 API units (Figure 11).
The Mud Lake generally fits the gray shale lithofacies characteristics
outlined earlier. This unit is composed of moderately to intensely bioturbated
beds ranging in thickness from a few millimeters to a few centimeters. Above
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B Latuszek Bl-32

Figure 10. Photos From the Club 4-40 and Latuszek Bl-32 Cores of the
Traverse Limestone.
A. Upper portion of the Traverse Limestone, note the abundant crinoidal
fragments and the bioturbation.
B.
Upper portion of the Traverse
Limestone, note the aboundant crinoidal fragments and the organic rich
bed near the top of the core photo. Bar = 2 cm
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the transition zone with the Traverse Limestone, this unit varies from the
Crapo Creek primarily in the fauna types that are found, and although
brachiopod fragments are common in both units, there are more crinoidal
fragments found in the Mud Lake.
The upper 10 feet of the Mud Lake Gray Shale Member is marked by
thin interbeds of alternating black and gray shale.
thickness from 1 to 40 cm thick

Each bed ranges in

The top of the Mud Lake is at the depth

of 1319.8 feet in the type core and is defined as being at the top of the
highest gray bed below the massive black beds of the Charlton Black Shale
Member.

On the Gamma Ray Log, the top of the Mud Lake Gray Shale is

picked where the Gamma Ray intensity exceeds 125 API units (Figure 11).

Crapo Creek Gray Shale Member

The type section of the Crapo Creek Gray Shale Member of the Antrim
Formation is in core from the Murrel Welch State Chester 18, also known as
the EGSP MI-2 (Appendix A).

This member is named after Crapo Creek

which runs north-south along the western edge of the section from which the
St. Chester 18 core was taken and is the closest geographical marker.

The

base of the Crapo Creek Gray Shale Member is at 1601.7 at the base of the
first gray bed above the massive black beds (Figure 12). Between the depths
of 1586 and 1596 feet there are 16 black beds which range in thickness from
3 to 15 cm which are all part of the Crapo Creek Gray Shale Member. The
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Figure 11. Gamma Ray Log of the Club 4-40 Well With Stratigraphy.
Note that the formation tops are picked on the Core Gamma Ray Log
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middle portion of the Crapo Creek Gray Shale is composed of moderately to
intensely bioturbated gray shale beds (Figure 9). The top of the Crapo Creek
is at the depth of 1564 feet

Unfortunately, core from the top of the Crapo

Creek in the St. Chester 18 core is fractured and is only marginally useful for
reference.

The top of the Crapo Creek Gray Shale Member is also present

in the Ward Lake Latuszek Bl-32 core (Appendix A) and the core is in much
better condition, but is from core from a directional well.

The top of the

Crapo Creek in the Latuszek Bl-32 core is at the depth of 1641.4 feet, at the
top of the highest thick (5 cm or greater) gray shale bed. In the Latuszek B l32, the bed at the top of the Crapo Creek Gray Shale Member is densely
cemented with a few dolomitic concretions near the top of the bed
(Figure 13). The top of the bed has an undulating surface and appears to be
a hardground. On the Gamma Ray log the top of the Crapo Creek is picked
where the Gamma Ray intensity goes above 125 API units (Figures 14 and
15).

Note that the picks are made on the Core Gamma Ray Curves.
The Crapo Creek member generally fits the gray shale lithofacies

model.

In the St Chester 18 core, the middle 30 feet of the Crapo Creek

member has a much lower quartz content than most of the Mud Lake
member, but a much lower abundance of calcite.

In this core, the dolomite

content between these two units appears, on the average, to be equivalent
In both units the TOC content and fracture frequency are very low.
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A. 1299 Club 4-40
B. 1602 SL Chester 18
C. 159.0 St Chester 18
Figure 12. Core Photos From the Club 4-40 and SL Chester 18 Cores of
the Top of the Charlton Black Shale Member.
A. The contact (a) between the Charlton and the Crapo Creek, note
gradational change between these two units. Note also the carbonate
concretions in the bioturbated unit at the 1299 foot marker and the sharp
contact between the light and the dark shales directly above this.
B. Contact (b) between the Charlton and the Crapo Creek.
C. Interbedded black and gray beds above the contact, note the carbonate
concretions in the bioturbated beds, the gradational change from black on
the bottom to gray on the top and the abrupt change from gray on the
bottom to black on top in all three photos. Bar = 2 cm
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1641.5
Latuszek Bl-32

Figure 13. Photos of the Top of the Crapo Creek Gray Shale Member
From the Latuszek Bl-32 Core.
Note the abundant bioturbation in the lower half of the photo, the
carbonate concretions directly below the contact, the abrupt undulating
surface of the contact The contact is probably a hardground surface.
Bar = 2 cm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

33
Black Shale Lithofacies

The black shale lithofacies of the Antrim Formation is composed of a
finely-laminated, quartz-cemented, organic-rich, non-bioturbated black shale.
There are a few, thin, bioturbated beds intercalated within this lithofacies
(Figure 16).

The mineralogy of this lithofacies contains up to 50% quartz

(Hathon, 1980), with illite, chlorite, kaolinite, muscovite, and pyrite also
present (Appendix B).

Pyrite nodules are abundant and vary in size from a

few millimeters to a few centimeters in diameter.

Dolomite concretions are

also present and are commonly rimmed by pyrite.

Dolomite concretions are

typically much larger than the pyrite nodules and in outcrop range from
several centimeters in diameter to a few meters (Hathon et al., 1980).
The TOC values are as high as 14% and average about 8.5% (Appendix
A). The kerogen assemblage is composed primarily of Type I organic matter.
A few sparse beds of vitrinite, which are Type III material, exist These
vitrinite beds are approximately 1 mm thick and appear to be of allochthonous
material and appear to be restricted to these discrete beds.
The contacts between the black shale lithofacies and the gray shale
lithofacies are gradational over several feet and contain cycles of alternating
gray and black shales (Figure 17). Each cycle begins with a sharp contact at
the base of the black shale, grades gradually into gray shale which is
abundantly burrowed, then is truncated by another sharp contact

The beds
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Figure 14. Gamma Ray Log of the St Chester 18 Well With Stratigraphy.
Note that the formation tops are picked on the Core Gamma Ray Log.
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1619
B St Chester 18
1307
A Club 4-40

Figure 16. Photos of the Charlton Black Shale Member From the
Club 4-40 and St Chester 18 Cores.
A. Near the top of the Charlton, note the pyrite cemented bed (a) and
the bioturbated beds near the top of the photo. B. Near the middle of
the Charlton, note the carbonate concretion rimmed with pyrite (b).
Bar — 2 cm
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within these cycles are generally a few centimeters thick, with the entire
gradational interval being 2 to 3 meters thick.
There are two thick intervals of this black shale lithofacies in the
Antrim Formation, the Charlton Black Shale and Chester Black Shale
members.

They vary somewhat in organic and mineralogical composition.

Charlton Black Shale Member

The type section of the Charlton Black Shale Member of the Antrim
Formation is also in the Club 4-40 (Appendix A).

The name Charlton was

chosen for this member from the township of the same name from which this
core was recovered.

The base of the Charlton is at the base of the first

massive bed of black shale above the interbedded black and gray shale that
mark the transition from the black to the gray shale lithofacies (Figure 17).
The base is at a depth of 1319.8 feet in the type core.

The middle portion

of the Charlton Black Shale is primarily composed of thinly laminated black
shale beds with sparse pyrite and carbonate concretions (Figure 16). The top
of the Charlton Black Shale Member is at the base of the lowest gray bed of
the massive gray beds of the Crapo Creek at a depth of 1298.5 feet in the
type weil (Figure 12). On the Gamma Ray log, the top of the Charlton Black
Shale Member is picked where the Gamma Ray intensity drops below 125 API
units; note that the pick in Figure 11 was made on the Core Gamma Ray Log.
The Charlton Black Shale Member generally fits the black shale
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A

1320

Figure 17. Photos of the Contact Between the Mud Lake Gray Shale
Member and the Charlton Black Shale Member From the Club
4-40 Core.
A. The contact between the Charlton Black Shale and Mud Lake Gray
Shale Members (a). In both A and B, (b) is the same point. Note in
both A and B the multiple cycles of alternating black and gray shales.
C. Ten feet below the contact in the Mud Lake Gray Shale Member,
note the bioturbation of the beds.
Bar = 2 cm
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lithofacies model.

In the St Chester 18 core, the Charlton Member differs

from the Chester member in relative mineral abundances and TOC content.
The Charlton appears to have a higher TOC content and a higher abundance
of quartz than the Chester member, but a lower abundance of all of the clay
phases, dolomite, and pyrite.

(This will be discussed in more detail in the

Mineralogy chapter).

Chester Black Shale Member

The type section of the Chester Black Shale Member of the Antrim
Formation is also in the SL Chester 18 core. The base of the Chester Black
Shale Member is at

1564 feet and is at the baseof the lowest thick black

shale bed above the thick gray shale beds of theCrapo Creek Gray Shale
Member. As described above, the contact between the Crapo Creek and the
Chester Black Shale Members can be best seen in the Latuszek Bl-32 core
(Figure 13).

The Chester Black Shale is primarily composed of thinly

laminated black shale beds with sparse concretions (Figure 18). There is a 2
foot thick bed which occurs at a depth of 1534 in the Chester 18core that is
primarily composed of a large concretion and gray shales (Figure 18); a similar
bed occurs in the Latuszek Bl-32 core. The Chester Black Shale Member is
overlain by the Ellsworth Formation, which is composed of a finely laminated
alternating gray-green and black shale.

The top of the Chester Black Shale

Member is at the depth of 1476.8 feet in the SL Chester 18 core and is at the
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base of the lowest gray bed thicker than 0.5 cm (Figure 19). The top of the
Chester Black Shale Member is picked on the Gamma Ray Log at the base
of the deflection of the gamma ray curve from the high gamma ray response
of the black shale to the lower gamma ray response of the mixed black and
gray shales (Figure 14).
The Chester Black Shale Member generally fits the black shale
lithofacies model.

In the St Chester 18 core, the Chester member differs

from the Charlton member in relative mineral abundances and TOC content
The Chester appears to have a lower TOC content and a lower abundance of
quartz than the Charlton member, but a higher abundance of all of the clay
phases, dolomite, and pyrite.

(This will be discussed in more detail in the

Mineralogy chapter).

Ellsworth Formation

Only the basal portion of the Ellsworth Formation is present in both
the St Chester 18 and the Latuszek Bl-32 cores (Figure 2).

The contact

between the Ellsworth and the Antrim Formations is gradational.

The basal

portion of the Ellsworth Formation is made up of finely-laminated, alternating,
black and green-gray beds (Figure 19).

The black beds predominate at the

bottom and the number and thickness of green beds increase up section to a
point where the black beds disappear completely and the formation is entirely
green.

Examination of well cuttings in the study area show that above the
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B

1534

Figure 18. Photos of the Chester Black Shale Member From the
SL Chester 18 Core.
A. Typical of the middle of the Chester Member, note the pyrite nodules,
which occur as light spots throughout the photo. B. A large carbonate
concretion rimmed with pyrite (b), note that the bedding conforms around
the concretion, indicating that the concretion was formed prior to
compaction.
Bar — 2 cm
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B.. 1476

Figure 19. Photos of the Ellsworth Formation From the St Chester 18
Core.
A. Within the lower portion of the Ellsworth Formation, note the finely
laminated alternating dark and light beds. B. The contact between the
Ellsworth Formation and the Chester Black Shale Member of the Antrim
Formation (b), note the gradational transition from laminated black shale
to gray and black shales from the bottom of the photo to the top.
Bar = 2 cm
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cored intervals, the Ellsworth becomes a massive, 400-foot-thick green-gray
shale, veiy similar to the gray shale lithofacies cf the Antrim.

There are

approximately 70 feet of black shale at the top of the Ellsworth Formation,
in Otsego County.

There is no core or natural gas production from this

interval and it will not he discussed further.

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

C H A PTER III

MINERALOGY

X-Ray Diffraction Analysis Methods

All of the X-ray diffraction analyses (X R D ) were performed on a
Phillips Model #120-102 X-Ray Diffractometer which is housed in the Western
Michigan University Geology Department Geochemistry Lab.

Whole rock

powdered X-ray diffraction analyses were performed on samples from every
five feet of the St Chester 18 core to determine gross mineralogy and for the
purpose of semi-quantitative analysis. Twenty clay separations were prepared
to identify clay-minerals present

Whole Rock Powdered X-Ray Diffraction Analyses

Each sample was selected from core material and then crushed in a
mortar and pestle until the sample was uniformly powdered.

The samples

were then placed in an aluminium X-ray diffractometer sample holder, in
powdered form, loosely packed and then leveled with a spatula. The samples
were then loaded into the X-ray diffractometer.

All samples were reserved

in vials for clay mineralogy investigations.

44
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Table 1
X-Ray Diffraction Equations
Pki = Peak height intensity
Pki (quartz)

(Eq. 1)
=

Pki (quartz max.)
Pki (mineral) X Ratio 1 =

Ratio 1
(Eq. 2)

Normalized Ratio
of Mineral to quartz

For each sample, the peak height intensity (pki) of the primary reflector
for each mineral was recorded.

The 100 hkl reflector is the second most

intense quartz reflector and was used as the quartz pki. This quartz reflector
was used because the pki of the primary quartz reflector (101 hkl) is often an
order of magnitude greater than that of the other mineral reflectors and often
goes off scale on the chart record. The abundance of each mineral was then
normalized to quartz.
normalization.

Table

1 shows the

equations used for

this

First, the highest quartz peak in the data set was selected; it

is assumed that this would be the maximum quartz content of all of the
samples (Appendix B).

Equation 1 shows the first calculation, which is the

quartz pki of each sample divided by this maximum value.

The resulting

percentage is assumed to represent the relative proportion of quartz in all the
remaining samples.

This ratio is unique for each sample.

Equation 2 shows

the second calculation, which is the multiplication the ratio for each sample
by the pki of each of the other minerals for the respective sample.

By

performing this operation, each sample is normalized to the amount of quartz
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it contains.

Clay Separation Techniques

Twenty samples were selected from the powdered sample set from the
St Chester 18 core. Standard techniques described by Moore and Reynolds
(1989) were used.

Samples were sieved to remove the greater than 175

micron fraction and then dispersed in distilled water and centrifuged to
recover the less than 2 micron size fraction.

A split was run on XRD to

determine the untreated response. Samples were then glycolated in an oven
and then run on XRD to test for smectites, of which none were found.
Chlorite and kaolinite peaks occur very close together and cannot be
distinguished without additional tests.

To determine the presence of one of

these minerals, the other must somehow have its peaks shifted or suppressed.
Chlorite breaks down when heated to 550°C for a prolonged period of time
(Moore and Reynolds, 1989). When XRD analysis is run on the sample after
this technique is performed, chlorite will not appear on the XR D analysis.
Samples were heated at 550°C for 1 hour to break down any chlorites and run
on XRD to test for kaolinite.

Both chlorite and kaolinite peaks were

suppressed, indicating their presence.
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Mineralogic Variations Within the Antrim Formation

To document the mineralogic variations in the Antrim Formation, a
mineralogy log (Figure 20) was developed.

The relative abundance of each

of the significant mineral suites is plotted versus depth.

Note that this is a

semi-quantitative technique and the results are in relative abundance
normalized to quartz, with the exception of quartz, where the value used is the
peak height of quartz, rather than in absolute concentrations.
whole rock powdered XRD,
composed

of quartz,

Based on the

mineralogically, the Antrim Formation is

dolomite,

calcite,

pyrite,

chlorite

and

kaolinite

(indistinguishable in XRD using whole rock techniques), illite, and muscovite
(illite and muscovite are indistinguishable in XRD).

Quartz

The

Antrim

Formation

is

composed

of

up

to

50%

quartz

(Hathon, 1980). There is a bimodal occurrence of the quartz. Quatrz occurs
both as silt-sized grains and as very fine grained authigenic cement The silt
sized particles occur as detrital silt grains and as discrete polycrystalline silt
sized particles.
radiolarian

The polycrystalline silt particles are probably neomorphosed

skeletons

in

which

the

structure

has been

obscured

by

recrystallization, so clear identification is impossible. The crystal structure and
oxygen isotope signature of the polycrystalline and the authigenic cement
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phases are identical (Hathon, 1980).

In the mineralogy log (Figure 20), the

quartz curve is the only curve that is in absolute abundance and it indicates
that the quartz content is much higher in the black shale lithofacies than the
gray shale lithofacies. Because the black shales were deposited during periods
of high organic productivity, radiolarian, or other siliceous organisms could
have been very abundant in this environment The gray shale lithofacies has
a much lower abundance of quartz, because the gray shales were apparently
deposited during periods of lower organic productivity and preservation.
Abundant biogenic carbonate was produced in these environments, while the
contribution of biogenic quartz was probably greatly restricted.

Carbonates

Both calcite and dolomite occur within the Antrim Formation.

The

carbonate curves on the mineralogy log (Figure 20) show the distribution of
both carbonate phases throughout the covered interval.

Both calcite and

dolomite have a high relative abundance within the gray shale interval, but
dolomite is the only phase present within the black shale lithofacies. The gray
shale lithofacies were deposited under oxygenated conditions which were
suitable for the formation of biogenic carbonate. There are carbonate fossils
in both the Mud Lake and Crapo Creek Gray Shale members including
brachiopods, crinoids, and mollusks.

The black shales were deposited under

anoxic conditions, and biogenic calcite did not form.

Within the black shale
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lithofacies, only diagenetic dolomite exists within concretions.

Within the

Antrim Formation, the calcite was formed as primary biogenic calcite, and the
dolomite results from the formation of diagenetic cements.

Pyrite
The pyrite log (Figure 20) shows that pyrite is present throughout the
Antrim Formation interval.

Pyrite has a higher relative abundance in the

black shale lithofacies. Because the abundance of pyrite has been normalized
to quartz, and quartz has a higher absolute abundance in the black shale
lithofacies, pyrite has a higher absolute abundance in the black shale
lithofacies. Pyrite exists within the Antrim Formation as concretions up to a
few centimeters in diameter, as layers within bedding planes, as linings on the
outside edges of dolomite concretions, and as fine sand-sized crystals
disseminated throughout the black shales.
conditions.

Pyrite forms under reducing

The lower the Eh, the more readily pyrite forms. The presence

of pyrite within the gray shale lithofacies probably indicates that reducing
conditions also existed at times during its deposition.

Clays

Chlorite, kaolinite, and illite are the only clays present in the Antrim
Formation within the SL Chester 18 core.

Illite and muscovite are

indistinguishable in XRD analysis, and will be discussed together. Chlorite and
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kaolinite have both been identified, but the whole rock semi-quantitative
methods used to create the data for the mineralogy log (Figure 20) cannot
differentiate between the two minerals, and they have been plotted together.
The relative abundance of the clays increases in the gray shale
lithofacies.

Because these samples have been normalized to quartz, the

absolute abundance between the gray shale and black shale is probably nearly
consistent
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CH APTER IV

ORGANIC GEOCHEMISTRY

The

organic geochemistry of the

Antrim

Formation

has been

investigated to determine: (a) the distribution of organic matter throughout the
stratigraphic section; (b) the type of organic matter within each lithofacies; (c)
the thermal maturation of the source rock; (d) the thermal maturation of the
produced gas; and (e) the presence of liquid hydrocarbons. Although a variety
of organic geochemical analysis techniques have been employed in this study,
including vitrinite reflectance and isotopic analyses of produced gas samples,
the primary analysis technique used is Rock-Eval pyrolysis.

Because a

background of the analysis technique is required to evaluate Rock-Eval
pyrolysis data, a section has been provided to explain Rock-Eval pyrolysis.
Knowing the type of kerogen that is present in a source rock is very
important because different types of kerogen generate different types of
hydrocarbons.

The kerogen type can also provide information about the

depositional environment

A section has been provided to discuss kerogen

classification and kerogen types.
It is important to know the thermal maturation level of a source rock
so that predictions can be made of where in the basin these rocks will source
the various types of hydrocarbons. Previous studies have addressed the subject
52
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of the thermal history of the basin and the most recent of these studies will
be evaluated in light of the data presented in this paper.

Rock-Eval Pyrolysis

A Summary of the Technique

The following discussion is based on descriptions of the Rock-Eval
pyrolysis system by Waples (1981) and Tissot and Welte (1984).

The Rock-

Eval pyrolysis instrument has been designed specifically for the evaluation of
source rocks. It is based on a system of programmed pyrolysis which analyzes
both bitumen and kerogen automatically in about twenty minutes.

The data

from this technique can be used to determine oil-source capacities, thermal
maturity of the kerogen, and kerogen type.
To perform Rock-Eval pyrolysis a small (100 mg) sample of powdered
rock is heated in a chamber in the absence of oxygen and the evolved gases
are collected.

There are two phases of heating.

During the first phase of

heating, which is the low-temperature heating phase, the bitumen molecules
are mobilized, resulting in thermal extraction of the hydrocarbons already
present in the rock.

This thermally extracted bitumen (S I) is then passed

through a gas chromatograph detector and measured quantitatively.

No

kerogen decomposition occurs at this stage, the evolved hydrocarbons are those
hydrocarbons which were evolved in the natural system at the time when the
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samples were recovered.
In the second phase of this analysis, the temperature in the oven is
increased gradually to 550°C to bring about breakdown (pyrolysis) of the
kerogen. This process, analogous to natural kerogen catagenesis results in the
formation of new bitumen molecules.

The mobile liquid hydrocarbon and

hydrocarbon-like products (S2) are passed through the gas chromatograph
detector and analyzed.

Inorganic gases are also produced during this phase,

and one of these gases, C 0 2, is also collected and measured as S3, the oxygen
bearing products.

S3 is a measure of the oxygen in the TOC.

The 550°C

temperature is used because above this temperature C 0 2 is liberated from
labile carbonates and gives erroneous results.
The temperature at which the pyrolysis yields the maximum amount
of bitumen is termed Tmix.
kerogen.

Tm„ is related to the thermal maturity of the

Because the weaker chemical bonds have already been broken in

mature kerogens, mature kerogens require higher temperatures for their
pyrolysis than immature kerogens.

Thus, thermally mature source rocks will

have higher Tm„ values than thermally immature source rocks.
The SI fraction represents all of the diagenetic and catagenetic bitumen
present in the rock before it was brought to the lab.

As such it is an

indicator of the amount of bitumen generation that has already occurred. The
S2 fraction represents the remaining oil-generative capacity in the rock at the
time of sampling, i.e. the volume of kerogen under present day conditions.
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The ratio S1/(S1+S2), called the transformation ratio, is a measure of the
degree of catagenesis which has occurred.
Total Organic Carbon (TOC) measurements are normally made on the
samples prior to Rock-Eval pyrolysis so that an estimate of both the hydrogen
and oxygen contents of the kerogen can be made.

These values are termed

the hydrogen index (H I) and the oxygen index (O I), respectively.

Carbon

dioxide is used as an indirect measure of the oxygen content of the kerogen,
where S3/TOC = OI.

The hydrogen content is determined from the S2

fraction, where S2/TOC = HI. The hydrogen and oxygen indices can be used
to determine the kerogen types.

Types of Kerogen

The classification scheme for kerogen types has evolved from the optical
maceral analysis of coal.

The four basic types of kerogen: liptinite, exinite,

vitrinite, and inertinite were originally based on optical criteria (Figure 21),
inertinite generates no hydrocarbons and will not be discussed further.
Elemental analyses were later applied to kerogen analysis and the classification
scheme became based on both elemental and optical criteria.

The elemental

criteria is based on the quantification of the Hydrogen/Carbon (H /C ) and
Oxygen/Carbon (O /C ) ratios (Van Krevelen, 1961).
Diagram (Figure 22), which plots H /C

The Van Krevelen

versus O/C, was developed to

diagrammatically determine kerogen types and thermal maturation.
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Figure 21. A Primary Sub-division of Immature and Mature Kerogen Using
Microscopy (After Brooks, 1981).
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nomenclature, based on which branch of the Van Krevelen diagram the
kerogen plotted, was adopted (Tissot and Welte, 1984) (Figure 22).
The Modified Van Krevelen diagram has been developed to incorporate
Rock-Eval pyrolysis data; the hydrogen and oxygen indices have replaced the
H /C and O /C ratios (Figure 22)(Tissot and Welte, 1984; Waples, 1981). The
methods which are used to determine the HI and OI, however, are sometimes
based on erroneous assumptions which will be discussed later. Other methods
of plotting the data often prove to be more effective in determining the
kerogen types.

The Modified Van Krevelen diagram is useful only for

preliminary investigations.

There are three pathways curves on a Modified

Van Krevelen diagram, the Type I, II, and III curves which correspond to the
respective kerogen types: liptinite, exinite, and vitrinite. Each curve shows the
pathway that the kerogen takes during thermal maturation; the closer to the
graph’s origin, the more thermally mature the kerogen (Waples, 1981).

Type I Kerogen

Type I kerogen (liptinite) has a high hydrogen-to-carbon ratio but low
oxygen content This is due to the presence of long-chain aliphatic moites and
relatively few aromatic or oxygen-containing components in its structure
(Brooks, Cornford, and Archer, 1987).

According to Brooks et al. (1987),

these kerogens are considered to be derived mainly from algal material after
partial

bacterial

degradation

and

constitute

the

decomposition
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Figure 22. Relationships Between Kerogen-types, Elemental Composition
and Organic Maturation Pathways (After Brooks, 1981).
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condensation/polymerization products of the lipid components derived from
bacteria and algae.

They further state that such liptinite-rich deposits are

typically dark, finely laminated or structureless, with a dull appearance and
conchoidal fracture.
grained

organic-rich

These deposits are typically formed in relatively fine
muds

in

quiet,

oxygen-deficient

shallow

water

environments such as lagoons, lakes and ponds (Demaison and Moore, 1980).

Type II Kerogen

Type II kerogen contains a high hydrogen content (but lower than Type
I) with aliphatic chains, some naphthenic chains, aromatic rings and oxygen.
Sulphur containing functional groups in its structure, although uncommon, can
also be found (Brooks et al., 1987; Tissot and Welte, 1984). Type II kerogen
is identified by elemental analysis or Rock-Eval pyrolysis and is usually a
mixture of exinitic, liptinitic, and vitrinitic particles (Brooks et al., 1987).
Exinite will be discussed in this section because it is the only kerogen type
unique to Type II kerogen.

Exinite macerals are mainly derived from

membranous plant debris such as spores, pollen, cuticle or, in general terms,
the more resistant protective portions of plants; membrane secretions such as
resins and waxes are also classified within the grouping (Brooks et al., 1987).
This plant debris can be of marine or terrestrial origin.

For example, large

quantities of exinitic material are formed during blooms of dinoflagellates
(Brooks et al., 1987).

According to Brooks et al. (1987) exinite-rich source
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rocks can also be associated with marine sediments where autochthonous
organic matter derived from phytoplankton, bacterial microorganisms and
zooplankton is deposited in anoxic environments.

Nearly all marine black

shales contain primarily Type II kerogen assemblages dominated by amorphous
organic matter (Tyson, 1987).

Type III Kerogen

Type III kerogens have relatively low initial H:C ratios and high oxygen
contents.

Their structure consists mainly of aromatic structures, with short

aliphatic chains connected by oxygen-containing functions.

Heteroatomic

ketones, carboxylic acid groups and ether bonds are present in the structure
(Brooks et al., 1987; Tissot and Welte, 1984).

Vitrinite-type kerogen

corresponds closely with Type III kerogen defined by Tissot and Welte (1978).
Inertinite

can

also fall

under this

classification

(Brooks et al., 1987).

According to Brooks et al. (1987), vitrinite macerals are derived from
structural, woody (lignified) components of terrigenous higher plants and often
contain identifiable vegetal debris.

This organic debris is incorporated either

directly or via its alteration products in sedimentary humic acids (Tissot and
Welte, 1978).

Vitrinite concentrates often occur as coals'or coaly shales

(Brooks et al., 1987).
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Organic Facies

Jones (1987) has proposed a new kerogen classification scheme based
on Rock-Eval pyrolysis data which he refers to as organic facies types. Three
basic organic facies: A, B and C, are generally equivalent to kerogen Types
I, II, and III respectively.
identified.

Intermediate organic facies AB and BC are also

This organic facies classification is based on HI and OI values

(Table 2).

Rock-Eval Pyrolysis of the Antrim Formation

Rock-Eval pyrolysis was performed on core samples from every 5 feet
from the Latuszek Bl-32 well, providing an excellent data base.

Rock-Eval

pyrolysis was also performed on cuttings samples taken every ten feet during
drilling from the St Charlton B1-17 and St Charlton A4-17 wells, and on core
samples randomly selected from the Club 4-40 and St Chester 18 core.

All

of the Rock-Eval pyrolyses were performed under the direction of the Gas
Research Institute, Chicago, IL, by Core Labs, Inc, Irving, TX. To supplement
the Rock-Eval pyrolysis, TOC measurements were made on these samples.
The Rock-Eval pyrolysis data for samples with TOC values lower than 0.5%
were not used because samples with TOC values this low cannot be accurately
evaluated using Rock-Eval pyrolysis.
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Table 2
Organic Facies Parameters and Characteristics
Organic
facies

H /C at
%R0 = 0.5

Pyrolvsis vield’
HI
OI

Dominant
organic matter

A

>1.45

>850

10-30

Algal; amorphous

AB

1.35-1.45

650-850

20-50

Amorphous; minor
terrestrial

B

1.15-1.35

400-650

30-80

Amorphous;
common terrestrial

BC

0.95-1.15

250-400

40-80

Mixed; some
oxidization

C

0.75-0.95

125-250

50-150

Terrestrial; some
oxidization

CD

0.60-0.75

50-125

40-150+

Oxidized; reworked

D

<0.6

<50

20-200+

Highly oxidized;
reworked

* Derived from Rock-Eva! pyrolysis data. HI = hydrogen index = mg
hydrocarbons generated/g TOC; OI = oxygen index = mg C 0 2 generated/g
TOC

Note: Some generalized geochemical and microscopic characteristics of organic
facies A-D. The H /C values at %R0 0.5 are the cornerstone of the
definitions of the organic facies. The HI and OI values for the
different organic facies are approximations at best and may vary slightly
above/below the indicated values. (After Jones, 1987)
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Distribution of Organic Matter in the Antrim Formation

The TOC measurements of the samples from the Latuszek Bl-32 core
have been plotted versus depth and correlated to a Gamma Ray curve
(Figure 23). This diagram demonstrates the relationship between the natural
gamma ray and the TOC; the two curves have very similar shapes.

The

highest TOC values (Appendix B) occur in the black shale lithofacies, ranging
between 5% and 14%.

Organic matter occurs in the gray shale lithofacies as

well, but ranges between 0.2% and 1%.

Antrim Shale Kerogen Assemblage

The Rock-Eval pyrolysis data for the Antrim Formation samples are
plotted on a Modified Van Krevelen diagram (Figure 24). The samples were
separated into two groups based on lithology: (1) black shale samples, and (2)
gray shale samples. The black shale samples plot on the Type I curve and the
gray shale samples plot in the Type II field.

The black shale samples plot

high on the Type I pathway curve, indicating a relatively low level of thermal
maturation. Vitrinite reflectance and T,,,,, data (which will be discussed in the
section on thermal maturation) also indicate that the kerogen is thermally only
marginally mature.
The accuracy of the oxygen index is dependent on the accuracy of S3
(OI = S3 /TOC). S3 is equal to the volume of C 0 2 and is dependent on the
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accuracy of the measurement of C 0 2.

The measurement of the volume of

C 0 2 is used because it is assumed to be equal to the volume of oxygen in the
kerogen.

Peters (1986) states that S3 is useless if it is not corrected for the

breakdown of carbonates (mainly siderite). The gray shale samples also plot
high on the Pathway curve, indicating the Modified Van Krevelen diagram is
probably reflecting the true level of maturation, but it is recomended that an
additional technique be used to interpret which is not dependent on the use
of the oxygen index (Langford and Blanc-Valleron, 1990; Peters, 1986).

Corrections for the Hydrogen Index

The accuracy of the HI (H I = S2/TOC) is dependent on the accuracy
of the measurement of S2.

S2 is affected by the retention of some of the

generated hydrocarbons by adsorption in the rock matrix. Langford and BlancValleron (1990) have proposed that the S2 versus TOC diagram (Figure 25)
be used to determine kerogen type for rocks with thermal maturities less than
0.6% vitrinite reflectance.

The Antrim samples have vitrinite reflectance

values between 0.41-0.46% in the study area.

Langford and Blanc-Valleron

(1990) have demonstrated that for these thermal maturities, HI can be used
to differentiate kerogen types. They have demonstrated that samples with HI
values higher than 700 contain Type I kerogen, samples with H I values
between 700 and 200 contain Type II kerogen, and samples with H I values
below 200 contain Type III kerogen.

If the data plotted on the S2 versus
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On

TOC diagram are from the same lithofacies, then the data should plot along
a linear regression line.

Data with regression lines with slopes which fall

between the slopes of the l-II (7.0) and II-III (2.0) lines

correspond to

samples with Type II kerogen assemblages.
The Antrim Rock-Eval pyrolysis data from the Latuszek Bl-32 has
been divided into two sets based on lithofacies, a black shale set and a gray
shale set, each of which has been plotted on a S2 versus TOC diagram
(Figures 26 and 27).

Both data sets plot nicely along linear regression lines.

The gray shale data plot along a linear regression line with a slope of 6.71,
so the average HI is 671 and the organic matter is of an assemblage of
hydrogen rich Type II kerogen.

The black shale data plot along a linear

regression line with a slope of 7.49, so the average HI is 749 and the kerogen
assemblage is predominately Type I kerogen.
The kerogen assemblage in the Antrim Formation is primarily a mixture
of Type I and Type II kerogen.

Some Type III material has been found in

both the black and the gray shale lithofacies as discrete vitrinite beds and
vitrinite flakes but is probably volumetrically insignificant

The black shale

lithofacies is primarily composed of Type I kerogen. The gray shale lithofacies
is composed of a mixture of Types I, II and II material. The gray shale
lithofacies may not have had a different source for organic matter than the
black shale lithofacies.

It has been demonstrated that macrobenthic

bioturbation reduces the hydrogen content of the kerogen (Pratt, 1984;
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Tyson, 1987).

The original kerogen assemblage of the gray shale lithofacies

may have been the same as the black shale lithofacies.

The gray shale

lithofacies is moderately to intensely bioturbated, and this bioturbation could
have contributed to the lower HI in the gray shale lithofacies.

Depositional Environmental and Paleo-oceanographic
Controls Based on Organic Facies

The organic facies classification scheme used by Jones (1987) appears
to be the most useful method of evaluating kerogen types based on RockEval pyrolysis data. According to this organic facies classification model, the
Antrim Formation black shale lithofacies fall into organic facies AB and the
gray shale lithofacies fall into organic facies B. According to Jones (1987), the
AB organic facies was deposited under a persistently anoxic water column
during a warm and equable climate and could be deposited in lacustrine as
well as marine shale and carbonate environments.

Given the HI and OI

constraints he uses for organic facies AB, some oxidation of the kerogen could
occasionally occur as well as some minor contribution of terrestrially derived
kerogen.

Using

the

traditional

kerogen

classification

scheme

(Van

Krevelen, 1960), the kerogen assemblage of organic lithofacies AB is a mixture
of Type I and II kerogens, Type I being the dominant kerogen type.
Classic Type I kerogen dominated assemblages are thought to have
formed under conditions described by one of two models: (1) the lacustrine
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Green River Shale model and (2) the marine Tasmanites model.

Type I

kerogen is normally found in lacustrine environments and the Eocene Green
River Shale of Colorado, Utah, and Wyoming has come to be considered the
"type material" for Type I kerogen (Robinson, 1976). The Green River Shale
was deposited in a highly saline and alkaline lake (Smith and Lee, 1982).
Type I kerogen compositions are very rare in marine sediments since their
formation requires the supply of very lipid-rich organic matter which is not
produced by normal marine plankton (Pelet, 1983). The cyanobacteria (bluegreen algae) are the main sources of such organic matter, and are
comparatively unimportant in the marine environment except in very nutrientrich waters (Tyson, 1987).

The planktonic cyanobacteria appear to be best

adapted to stably stratified watermasses where the boundary between the
mixed layer and nutrient-rich, oxygen-deficient bottom waters occurs within the
euphotic zone (Fogg, 1982; Padan and Cohen, 1982).

According to Tyson

(1987) this condition is rare or transient in the open marine realm but is quite
common in lakes, which probably explains why most Type I kerogens are
lacustrine.
Deposits of the Tasmanites model (tasmanites) are composed of fine
grained mudstones containing high concentrations of individual organic
spheroids of Type I material called Tasmanites. considered to be equivalent
to the present-day planktonic algae Pachvsphaera (Wall, 1962).

Tasmanite

deposits appear to have formed in low energy marine (or brackish)
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environments where algae form enormous blooms, often under unstable
biological conditions (Brooks et al., 1987).
The HI values suggest that the Antrim Formation kerogen assemblages
are a mixture of Type I and Type II kerogen.
deposited under classic Type I
environment

of the

Antrim

conditions;

Formation

This suggests that it was not
however, the depositional

probably contained significant

components of both the lacustrine Green River Shale and the marine
Tasmanite model.

Although the Antrim Formation was not deposited in a

saline lacustrine environment, it was deposited in a restricted, transgressivemaxima epeiric sea (Bennett, 1978) which probably differs from the Green
River Shale depositional environment primarily in the degree of circulation of
waters outside of the basin. Based on petrographic analysis of the black shale
lithofacies, there is a significant volume of Tasmanites present in the rock
(Figure 28).
Tyson (1987) has demonstrated that HI and OI are more significant
environmental indicators than TOC. Not only does macrobenthic bioturbation
reduce the total organic content, it also reduces the hydrogen content

This

is accomplished by prolonging the residence time of organic matter in the
chemically "open” pore water-bottom water system between the sediment/water
interface and the redox potential discontinuity (RPD) (Tyson, 1987).

The

RPD occurs below the base of quantitatively significant bioturbation, where
mixing is largely succeeded in importance by diffusive processes (Tyson, 1987).
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Figure 28. Photo Micrographs From Samples 1310.15 Feet
From the Club 4-40 Core Showing Typical Black
Shale Lithofacies Textures and Abundant
Tasminites.
:
'
|

B
A. and B. Note that the elongated, light colored spots (a) are flattened
tasminites and the smaller, round, light colored spots are silt-sized quartz
grains. The black spot (b) is a pyrite nodule displacing laminations.
Bar = 40 microns
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Bioturbation above the RPD actively stimulates bacterial metabolism by
maintaining a constant supply of organic substrates and oxidants (Yingst and
Rhoads, 1980).

Bioturbation increases the surface area within the sediments

above the RPD, and combined with the increased bacterial metabolism, creates
a catalyst for kerogen oxidation and the reduction of TOC (Tyson, 1987).
Only where organic matter diagenesis occurs completely or predominantly
under anoxic conditions will the efficiency of degradation be sufficiently
impaired to allow the survival of lipid-rich (hydrogen-rich) Type I dominated
kerogen assemblages (Tyson, 1987).
Anoxic conditions will only occur where the bottom waters are anoxic
and the RPD occurs at the sediment-water interface.

Since the black shale

lithofacies contains a kerogen assemblage dominated by Type I kerogen, it
must have been deposited under anoxic conditions. The general lack of fossils
and macrobenthic bioturbation in this lithofacies further supports this
conclusion.
The gray shale lithofacies contains kerogen assemblages composed
primarily of Type II kerogen, with a lower contribution of Type I and III.
The gray shale lithofacies falls into Jones (1987) organic facies B. According
to Jones (1987), organic facies B indicates a greater terrestrial organic input;
less persistent anoxia in the bottom waters; greater oxidization of the kerogen
prior to deposition under anoxic conditions; less initial generating capacity of
the original algal input and a higher degree of biodegradation.

The only
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significant difference between the kerogen assemblage of the gray shale and
black shale lithofacies is the slight lowering of the H I and the increase in OI.
This suggests that the same type of organic matter was deposited in each
environment, but the difference between these kerogen assemblage is in
preservation. The gray shales were deposited under dysoxic to oxic conditions
and were biodegraded more than the black shale lithofacies. As stated above,
biodegradation tends to decrease the hydrogen content and create a situation
were the kerogen is oxidized to a higher degree, as well as preferentially
destroying the hydrogen-rich kerogen over the oxygen-rich kerogen.

Thermal Maturation

The thermal maturation of the Antrim Formation has been determined
by using both Rock-Eval pyrolysis and vitrinite reflectance.

The thermal

maturation of the natural gas produced by the Antrim Formation has also
been determined by the use of isotopic analysis of the produced gas.

The

thermal maturation levels of the source rock and the gas produced have been
compared to determine if the thermal maturation levels are correlative.

Vitrinite Reflectance

Vitrinite Reflectance was performed on five samples from the Chester
Black Shale Member of the Antrim Formation in the Stevens 1-12 core. All
five of the samples had the same reflectance value of 0.41 % (Cliffs, 1982).
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Vitrinite Reflectance was also run on samples from a 1 mm thick vitriniterich layer in the Chester Black Shale Member in the Latuszek Bl-32 core by
Core Labs Inc., Irving, TX. These samples had a reflectance of 0.46%. The
vitrinite reflectance data plotted on a diagram of fraction of oil already
generated versus vitrinite reflectance (Waples, 1981) (Figure 29) to show the
level of maturation.

According to the data, only a small fraction of the

hydrocarbons have been generated in the Antrim Formation, indicating that the
thermal maturation level is very low.

Rock-Eval Pyrolysis

It has already been suggested that the Modified Van Krevelen diagram
may not be a reliable method of determining kerogen types, and it may be
unreliable in determining thermal maturation levels as well.

Because the

reliability of the oxygen index value is suspect a method should be used to
determine the thermal maturation level of the kerogen using Rock-Eval
pyrolysis data that does not rely on the use of the oxygen index.
Peters (1986) has defined the thermal parameters in which Tn,x can be
used to define the dimensions of the oil window. According to Peters (1986),
the top of the oil window (birthline) is generally assumed to occur between
Trajx values of 435 and 445°C, and the top of the oil window occurs at 470°C.
The hydrogen index parameters for the kerogen types at vitrinite reflectance
below 0.6% have already been discussed (Langford and Blanc-Valleron, 1990).
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The Tm„ and hydrogen index can be plotted on a T01„ versus H I diagram
(Figure 30) to show both the thermal maturation and kerogen types of the
Antrim samples. According to these data, the Antrim samples are submature,
capable of generating light gases and some oil, but these samples have not
entirely entered the oil window and have yet to reach peak hydrocarbon
generation. These data correlate very well with the thermal maturation levels
determined by the vitrinite reflectance data.

Isotopic Analysis of Produced Gas

Produced gas samples were provided by Muskegon Development, Inc.,
Mt. Pleasant, M I, from their Dover Section 19 and Chester South Section 25
Natural Gas Fields, Otsego County, Michigan, (Figure 1; Appendix A) for
isotopic analysis.

The Oil and Gas Research Division of the United States

Geological Survey, Denver, CO, performed del 13 Carbon Isotope analysis on
these samples. There are three possible origins for natural gases: (1) Biogenic
Gas, which is gas produced by methane generating bacteria; (2) Metagenic
Gas, which is gas produced during volcanism; and (3) Catagenic Gas, which
is gas produced through the thermal maturation of organic rich source rocks
(Waples, 1981).

The data from the gas analysis suggest that the Antrim

produced gas is of catagenic origin (Appendix D).

The wetness (w) of a

natural gas is a measurement of long chain versus short chain carbon
molecules and is measured using the following equation: w = Ci/[C2 + C3].
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Methane is the driest gas, whereas wetter gas has greater amounts of long
chain carbon molecules.

By plotting wetness (CV[C2 + C3]) versus S!3C for

a variety of single origin gases from each of the three natural gas types, three
individual fields on the diagram have been identified which correspond to
each of the respective gas types (Figure 31) (Waples, 1981). Figure 31 shows
the Antrim gas data plotted on this diagram, with the data plotting in the
center of the catagenic field, clearly indicating that the Antrim gas is thermally
produced.
The isotope analysis data can also be used to determine the level of
thermal maturation of catagenically derived gas (Tissot and Welte, 1984). By
plotting C,/£Cn versus SI3C, for a variety of gases of varying thermal
maturations from various basins around the world, Tissot and Welte (1984)
have developed a diagram which shows the relationship between the chemical
and isotopic composition and the thermal maturation level of natural gases.
The Antrim gas samples have been plotted on this diagram (Figure 32). The
plot of the data demonstrates that the Antrim gas is early catagenic gas
formed at temperatures lower than those that would have caused significant
cracking of hydrocarbons to produce oils.

This thermal maturation level is

essentially the same as that determined for the Antrim Formation by RockEval pyrolysis.

This demonstrates that the thermal maturation level of the

produced gas and the Antrim organic material is correlative and that the
Antrim is the probable source of the produced gas.
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Rock-Matrix Adsorption

The ability of the rock matrix to adsorb hydrocarbons can be quantified.
Theoretically, the regression line of the Rock-Eval pyrolysis data plotted on
a S2 versus TOC (Figures 26, 27, and 28) should pass through the origin.
Typically, however, the S2 versus TOC regression lines have positive intercepts
on the x-axis. This indicates that a threshold amount of organic material must
be present before enough hydrocarbons can be detected during the Rock-Eval
pyrolysis (Langford and Blanc-Valleron, 1990).
threshold.

The x-intercept equals this

The x-intercept equals 0.6 mg TOC/g rock, thus this amount of

organic matter must be present before enough hydrocarbons can be detected
during pyrolysis to give reliable results.
Work by Espitalife, Deroo, and Marquis (1985), Horsfield and Douglas
(1980), and Katz (1983) have shown that the rock matrix adsorbs some of the
hydrocarbons liberated during pyrolysis (Langford and Blanc-Valleron, 1990).
According to Espitalife et al. (1985), given similar organic contents, clay is the
main agent of adsorption, and more hydrocarbons should be released by
carbonates

than

from

argillaceous

matrices

(Langford

and

Blanc-

Valleron, 1990). The absolute value of the y-intercept of the linear regression
line is a measurement of the amount of adsorption.

For all of the Antrim

samples, this value, from the linear regression line of the S2 versus TOC
diagram (Figure 25) is 4.04 mg of pyrolyzable hydrocarbons/g of rock.
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For

the black shale samples, this value is 5.45 mg (Figure 26) and for the gray
shale samples, this value is 3.02 mg (Figure 27). Illite, the most abundant clay
in the Antrim, is the most probable agent for this adsorption. Espitalife et al.
(1985) found that adsorption generally decreases in the following order: illite,
montmorillonite, calcite, kaolinite.

Dembicki, Horsfield, and Ho (1983),

working with synthetic mixtures of kerogen and minerals, found that up to
85% of the pyrolyzate (S2) can be retained by an illite matrix.

Kerogen is

probably also a significant adsorbtion agent in these rocks.

Physical Observations of Oil Residue

Oil residue has been observed in several core samples on a macroscopic
scale. There is oil residue on core samples at the depth of 1519 feet within
the Chester Black Shale Member of the St. Chester 18 core, and at 1682 feet
within the Crapo Creek Gray Shale Member and at 1717 feet within the Mud
Lake Gray Shale Member within the Latuszek Bl-32 core (Figure 33).

The

SI value obtained in Rock-Eval pyrolysis is a measurement of free oil in the
sample, and measurements as high as 4.7 mg of free oil/ g of sample were
measured in the St. Charlton A4-17 well within the Chester Black Shale
Member. Permeability estimates for the Antrim Formation are very low and
are typically thought to range from 0.1 milidarcys to 0.1 microdarcys (McGuire
and Oliver, 1988). With permeabilities this low, it is unlikely that the oil has
undergone significant migration, and it is very unlikely that the oil has
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Figure 33. Oil Stain in a Sparry Calcite-Filled Vug at 1717 Feet in the
Mud Lake Gray Shale Member in the Latuszek Bl-32 Core.
Bar - 2 cm.
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migrated into the Antrim from another source.

Comparisons of the Antrim Thermal Maturation Data to Published
Thermal Maturation Models for the Michigan Basin

There have been three significant papers written on various aspects of
the thermal maturation of the Michigan Basin: Cercone (1984); Moyer (1982);
and Nunn, Sleep and Moore (1984).

The thermal maturation data for the

Antrim Formation will be discussed with respect to each of these papers.

Moyer (1982)

Moyer (1982) looked at the organic content and thermal maturation of
select Paleozoic formations; among these formations is the Antrim.

Moyer

(1982) states that the Antrim Formation is an excellent source for oil and gas
throughout the Michigan Basin; this statement is based primarily on the
circumstantial observation that the Antrim may have sourced Berea oil.
Moyer (1982) states that the Antrim in the southern and eastern flanks is
probably not capable of generating significant hydrocarbons, not because it is
thermally immature, but rather because it has low TOC values.
The author obtained unpublished data, generated from the Dow 104
well in Sanilac County, which had TOC values as high as 10%.

Historical

natural gas production of 8 million cubic feet from the Algonac Field of
southeastemmost St Clair County in 6 months of 1947 (Michigan Geological
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Survey, 1984) discount the assumption that southeastern Michigan is incapable
of generating natural gas.

The assumption that the Antrim Formation is

incapable of generating liquid hydrocarbons on the flanks of the basin is
probably accurate, but because of low thermal maturation levels rather than
low TOC values.
The

organic geochemical data

presented in

this paper clearly

demonstrate that in the shallower portions of the basin (Otsego County, M I)
the Antrim Formation is not thermally mature and is not capable of producing
significant volumes of liquid hydrocarbons.

Cercone (1984)

The thermal history model proposed by Cercone (1984), using Moyer’s
(1982) data, uses a vitrinite reflectance of 0.65% to mark the top of the oil
window and has the top of the present day oil window at a depth of 1640 ft
(500 m) for the Michigan Basin.

Vitrinite reflectance values for samples of

the Antrim Formation from the Latuszek Bl-32 well were from a depth of
1595.5 feet and had a vitrinite reflectance of 0.46%.

Cercone (1984)

concluded that the geothermal gradient for the basin was between 35°C and
45°C/km (19°F and 25°F/1,000 ft) during Cambrian to Carboniferous. Because
Cercone calls for the geothermal gradient to have then changed in the
Permian, it is assumed that she intended for the proposed geothermal gradient
to have existed through the Carboniferous period.

Cercone uses a vitrinite
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reflectance value of 0.65% to mark the top of the oil window which is
equivalent to a maximum burial temperature of 65°C for Upper Devonian
source rocks (Moyer, 1982).

Cercone determined that the top of the oil

window would have been at depths ranging between 1,900 and 2,300 m (6,230
to 7,550 ft) for the above listed respective geothermal gradients at the end of
the Carboniferous.

She then called for 1,000 m (3,280 ft) of erosion and

uplift of the basin and an additional 400 m of increase in elevation of the top
of the oil window due to the effect of increasing time on thermal maturation,
placing the present day top of the oil window at a depth of 500 m (1640 ft).
Cercone (1984) does not state where in the basin this depth for the
present day top of the oil should be valid.

One of her three study areas,

however, is in the northern Silurian reef trend. The study area for this project
is within this trend.
within this trend.

It is assumed that she intended this value to be valid
Obviously, in light of the data presented in this thesis,

Cercone’s (1984) value for the top of the oil window is incorrect
Hathon (1980) reported vitrinite reflectance values of 0.46% (the same
vitrinite reflectance value as the Latuszek Bl-32 samples) for samples from
outcrops in Alpena, Ml.

By using a conversion proposed by Hood, Gutjahr,

and Heacock (1975), Hathon calculated the maximum burial temperature to
be 50°C (122°F).
Assuming that Hathon’s (1980) calculations are correct, we know that
the maximum burial temperature for samples from the Latuszek Bl-32 well is
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50°C (122°F).

To evaluate the present day top of the oil window, the depth

must be calculated at which the maximum burial temperature is 65°C (150°F).
By using the geothermal gradients proposed by Cercone (1984) of 35°C and
45°C/km (19°F and 25°F/1,000 ft) the present day top of the oil window would
be at 3000 ft for a geothermal gradient of 35°C (19°F/1,000 ft) and 2700 ft for
a geothermal gradient of 45°C/km (25°F/1,000 ft).

The base of the Antrim

Formation reaches maximum depths in the basin at about 3300 feet in Clare
County.

The top of the Antrim Formation is between 3000 and 3100 feet

Using these geothermal gradients the Antrim Formation would be within the
oil window only near the center of the basin. This is probably a reasonable
assumption as it has been suggested that the Antrim sourced Berea Sandstone
reservoirs near the center of the basin (Moyer, 1982).
Cercone’s (1984) model geothermal gradients appear to be reasonable
in light of the data presented in this study, but the 3,280 ft (1,000 m) amount
of overburden she proposed to have been removed, using her geothermal
gradients and the data presented in this study should more likely be between
1920 ft and 2230 ft

Nunn. Sleep, and Moore (1984)

A model in which the subsidence of the Michigan Basin is due entirely
to flexure of the lithosphere caused by thermal contraction was developed by
Nunn et al. (1984).

According to their model, the geothermal gradient has
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remained

relatively

(12UF/1000ft).

constant

through geologic

time

and

is 22°C/km

According to this model, only rocks from the Ordovician and

older within the basin are within the oil window; all Devonian and Silurian
oils are mixtures of migrated Ordovician oils.

Nunn et al. (1984) offer no

standard paleotemperature indicators to support their model.

Rather, they

propose the geophysical model for the basin formation, and interpret that the
oil window is within the Ordovician. They theorize, therefore, that the origin
of oils in younger rocks must be Ordovician so that the presence of these
younger oils fits their model.

According to this study of the Antrim

Formation, a maximum burial temperature for core samples from the Latuszek
Bl-32 well from a depth of 1596 feet from Otsego County was determined to
be 50°C (122°F).
22°C/km

By using Nunn’s et al. (1984) geothermal gradient of

(12°F/ 1000ft)

the top of the oil

window

(maximum burial

temperature of 65°C (150UF)) would be at a depth of 3830 feet

At the site

in which the sample was taken, this depth would put the oil window within
the Dundee Formation, a Middle Devonian Limestone. This depth for the top
of the oil window in the center of the basin would put the top of the oil
window 500 ft below the base of the Antrim at its deepest
The geothermal gradient proposed by Nunn et al. (1984) appears to
be too low. The thermal history model for the Michigan Basin which places
the oil window within Ordovician rocks does not agree with geochemical data
presented here.
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CHAPTER V

ENVIRONMENTS OF DEPOSITION

The Antrim Formation was probably deposited in a restricted basin.
Figure 5 shows the distribution of Devonian black shales in eastern North
America.

The Michigan Basin, during the Late Devonian, would have been

roughly at a latitude of 30°S (Witzke and Heckel, 1988).
Deposition of the Traverse Limestone through Ellsworth Formation
appears to have occurred as a gradually changing, but continuous, depositional
system. The Traverse Limestone was a normal marine carbonate system and
the transition into a clastic system occurred during the deposition of the Mud
Lake Gray Shale Member of the Antrim Formation.

Traverse Limestone

The Traverse Limestone was deposited in a normal marine carbonate
platform system, with subtidal carbonates, overlain by small patch reefs and
skeletal carbonate sheet sands of reefal debris.

The wackestone lithofacies

was probably deposited during the beginning of the transition from the
carbonate system to a elastic-dominated system.

92
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Antrim Formation

Mud Lake Gray Shale Member

The transition from carbonate strata of the Traverse Limestone to
argillaceous strata of the Antrim Group occurs at the base of the Mud Lake
Gray Shale Member.

This unit is progressively more argillaceous up section

along with diminishing amounts of fossil fragments.

The lack of a diverse

fauna and the preservation of some organic matter, with some beds having as
much as 1% TOC and average 0.5% TOC (Appendix B), could suggest that
this unit was deposited under dysoxic conditions.

The presence of intense

bioturbation and abundant macro-burrows suggests, however, that this unit was
deposited under mostly oxygenated conditions.

Transitions From Gray Shale Into Black Shale Lithofacies

The top of the gray shale lithofacies is marked by small cycles of
alternating black and gray beds.

At the bottom of each of these cycles is a

black shale bed which is gradational to gray bioturbated shale upwards.

The

top of each cycle is marked by a sharp contact with another black bed. The
bioturbation is the result of the reoccurrence of oxygenated conditions at the
sediment surface.

The sharp contact of the black shale overlying the gray

shale at the top of these cycles marks a rapid change from oxygenated to
anoxic conditions, eliminating any aerobic or dysaerobic biological activity.
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There are three possible models that best explain how the oxygenated
sedimentary conditions can abruptly become anoxic: (1) rapid deposition of
organic rich sediments caused by upwelling or Ekman transport currents with
nutrients generally being autochthonous; (2) anoxia in the bottom waters
produced by high productivity at the surface caused by high nutrient input
from an allochthonous source, such as input from a river mouth; and (3)
deposition in an oxygen stratified basin with a vertical fluctuation in the
oxygen minimum zone (Demaison and Moore, 1980).
To preserve organic-rich sediments, the organic input must exceed the
amount that can be biodegraded and the sedimentation must be at a rate
higher or equal to subsidence.

The biodegradation of the organic matter is

controlled by the amount of oxygen in the system.

Overloading the system

with nutrients creates a system where high productivity can occur in the photic
zone.

Oxygen is consumed high in the water column, above the sediment

surface, such that water near the sediment surface becomes anoxic. For high
productivity to occur, a high or steady supply of nutrients is needed.

In an

upwelling area, the nutrients are autochthonous and come from the nutrientrich sediments which are brought up to the photic zone by upwelling currents
(Demaison and Moore, 1980).

In the second model, anoxia in the bottom

waters is produced by high productivity at the surface caused by high nutrient
input from an allochthonous source.

Generally the allochthonous source is

terrestrial in origin, such as a river. Sediments caused by this type of system
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normally have a predominantly type III or terrestrially derived kerogen
assemblage (Brooks et al., 1987).
Oxygen stratification can develop in restricted basins. When this occurs
an oxygen minimum zone is formed which normally coincides with the
pycnocline (Figure 34). If the sediment surface is relatively flat, then a small
vertical fluctuation in the pycnocline would affect a broad area of the bottom
of the basin.

If the pycnocline rises, then formerly dysoxic sediments would

immediately become anoxic, and all macrobenthic bioturbation would be
abruptly ceased.

At a specific point on the substrate near the pycnocline-

sediment-surface interface, a fluctuating but generally rising pycnocline would
create alternating black and gray sediments with the black sediments dominant
upwards.

At some point the pycnocline is high enough above the sediment

surface that when its position fluctuates, it does not intersect the sediment
surface, and only anoxic sediments are preserved. This scenario could explain
the transition from the Mud Lake Gray Shale Member to the Charlton Black
Shale Member and the transition from the Crapo Creek Gray Shale to Chester
Black Shale Members.

Transitions From Black Shale Into Gray Shale Lithofacies

The transition of the black shale to gray shale lithofacies could be
explained by having fluctuating cycles of high and low productivity. The low
productivity-derived sediments increase in thickness upwards to a point where

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

ANAEROBIC

ANAEROBIC-DYSAEROBIC

DYSAEROBIC-AEROBIC

(Quiet, deep water)

(Quiet water of moderate depth)

(Moderately agitated to
Quiet, shallow water)

150 m - 200 m + (?)

± 150 m
< 150±m

1

WELL DEVELOPED LAMINATION

|

1

INDISTINCT LAMINATION

1

\

BIOTURBATED MUDSTONE

|

PYCNOCLINE

Figure 34. Environmental Significance of Macrofabrics of Clay-rich
Sediments in an Oxygen-stratified Basin (After O’Brien, 1990).
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only low productivity sediments occur. This observation is consistent with this
interpretation and fits either of the first two models presented in the preceding
section.
A falling pycnocline could also explain a black to gray shale transition.
Alternating gray and black sediments with gray sediments predominating
upwards would result from downward transition of the pycnocline-sedimentsurface intersection. When the pycnocline was deep enough in the basin that
upward fluctuations did not reach the point observed, then only gray shales
would be deposited.
Either of these scenarios could be used to explain the transition from
the Charlton Black Shale to Crapo Creek Gray Shale Members.

Deposition of the Black Shale Lithofacies

The complete lack of any macrobenthic bioturbation in most of the
black shale lithofacies compounded with the lack of macroscopic fossils, the
preservation of high quantities of organic matter, and the lipid rich kerogen
assemblage strongly suggest that the black shale lithofacies sediments were
deposited under anoxic conditions.
Long term upwelling currents could explain the deposition of the black
shale lithofacies, but it is doubtful that an upwelling current could be sustained
for the length of time required to deposit a continuous sequence of 70-80 feet
of black shale.
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The simple overloading of the system with nutrients so that high
productivity at the surface occurs and anoxia is produced at the sediment
surface could explain the deposition of the black shale lithofacies.

This

situation is normally transient and short lived in a marine environment and,
as will be discussed in the section on organic geochemistry, the kerogen
assemblage is composed primarily of algal marine material rather than
terrestrially derived material.
Deposition in an oxygen stratified basin with the sediment surface
below the pycnocline could easily explain the deposition of the black shale
lithofacies.

Oxygen stratification could be maintained as long as the basin is

restricted.

This model appears to best explain the depositional and paleo-

oceanographic conditions at the time of the deposition of the Antrim
Formation.

Ellsworth Formation

The Ellsworth Formation consists of thinly-laminated alternating organicrich black and organic-poor gray shales.

These strata suggest short lived

periods of high productivity and low productivity, possibly the result of annual
variations in nutrient supply. These finely-laminated sediments may be annual
varves. If an oxygen stratified water column had been in existence during the
deposition of the Antrim Formation, it probably was not in existence during
the deposition of the Ellsworth Formation.

The oxygen stratified water
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column could easily be overturned if the basin had become less restricted,
receiving greater circulation with waters outside of the basin.
There is a direct relationship between the Gamma Ray intensity and
organic carbon content in the Antrim Formation: the more organic rich the
sediment, the higher the Gamma Ray intensity.

This relationship is true for

the Ellsworth Formation as well. The bowed shape of the gamma ray curve
with lower gamma ray counts in the middle of the Ellsworth Formation
suggests that the Ellsworth is less organic rich overall and is more organic rich
near the bottom and top (Figure 4).
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C H A PTE R VI

NATURE OF NA TU R A L FRACTURING

When examining the available core of the Antrim Formation, one of
the most obvious features is the natural fractures in the core.

Figure 35

shows near vertical natural fractures in the Latuszek Bl-32 core, a directional
well.

Figure 35 also shows a few natural fractures filled with calcite

mineralization from the same core. The fractures observed in all of the core
are normally near vertical and have planar surfaces.

Although some

mineralization along the fracture plane occurs, cement filled fractures are not
typical.
A Formation Micro-Scanner Log was run in the Latuszek Bl-32 well.
On this log, natural fractures appear as resistivity anomalies at high angles
to bedding.

These anomalies were counted to determine natural fracture

frequency and spacing. These fracture data have been plotted along with the
resistivity and gamma ray logs to establish correlations.
Natural fracture frequencies and orientations were measured for the
St Chester 18 core (an oriented core) and reported in an unpublished report
for the U. S. Department of Energy (D.O.E.) (Cliffs, 1981).

The data from

the D.O.E. study have been reviewed here as well. In the Cliffs study, most
of the fractures were also observed to be near vertical. Several criteria were
100
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1550.2

Figure 35. Photos of Natural Fractures in Slabbed Core From the
Latuszek Bl-32 Core.
A. Fractures with calcite mineralization along the fracture surfaces (a).
B. Planar, nearly vertical fractured surfaces (b). Note that the Latuszek
Bl-32 core was taken at an angle 37° from vertical.
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used when collecting the fracture data to distinguish between natural fractures,
core handling and coring-induced fractures.

Among these criteria were the

presences of mineralization along fracture surfaces.

From the Cliffs study,

only the data for the natural fractures have been used.
Observations of fracture orientations and spacing were also taken from
outcrops of the Kettle Point Shale (Antrim Formation equivalent) at Kettle
Point, Ontario, Canada. In Kettle Point it is quite apparent that the fractures
resulted from a set of conjugate joints which were closely spaced and nearly
vertical.

St Chester 18 Fracture Frequency Data

The fracture data for the St Chester 18 core were reported as raw
numbers of total fractures over a given depth interval; the number of fractures
were divided by the number of feet of depth interval to determine fractures
per foot for each interval.

This data set is mainly of near vertical fractures

measured in core taken from an oriented, straight well bore. The data were
plotted versus depth along with the Gamma Ray curves on a Fracture
Frequency Log (Figure 36). The fracture frequency log (Figure 36) shows that
the Charlton Black Shale member has the highest fracture frequency, with a
frequency of 1.33 fractures/foot
divided into two units.

The Chester Black Shale member was

The units are separated by a two foot thick bed

composed of dolomitic concretions.

The lower unit has a fracture frequency
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Figure 36. Gamma Ray Logs and Frequency of Fractures per Vertical Foot
Curve for the St Chester 18 Core.
Note that most of the fractures measured are nearly vertical.

of 0.87 fractures/foot, whereas the upper unit has a fracture frequency of 0.31
fractures per foot

Note that the clay content in this lithofacies increases up

section (Figure 20). The difference in brittle deformation between the upper
and lower units of the Chester Black Shale member may be a result of the
increase in clay content
deformation.

The increase in clay would allow more ductile

The fracture frequencies of the Mud Lake and Crapo Creek

Gray Shale members are 0.29 and 0.09 fractures/foot respectively.

The

contrast between the fracture frequencies of the gray shale lithofacies and the
black shale lithofacies is quite dramatic. The black shale lithofacies fractures
much more readily than the gray shale lithofacies. This is probably due to the
high quartz content in the black shale lithofacies (Figure 20). The high quartz
content would make the rock very brittle.

At 0.06 fractures/foot, the

Ellsworth Formation has the lowest fracture frequency of the measured units.

Fracture Frequency Data, Latuszek Bl-32

A Formation Micro-Scanner (FMS) Log was run by Schlumberger, Inc.
in the Ward Lake Latuszek Bl-32 well.

The FMS log is a micro-resistivity

tool that can be used to identify fractures. The log has four pads which are
equally spaced around the axis of the logging tool to measure the microresistivity of the well bore sidewall.

The log displays four tracks with

azimuthal orientations corresponding to each of the pads.

The display is a

black to white color spectral intensity representation of the resistivity of the

R eproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

well bore sidewall.

The lighter the color, the more resistive the response;

matrix is generally darker and open fractures appear as linear, light resistivity
anomalies.
The resistivity anomalies which represent fractures were counted in
every five foot interval for the entire cored interval.

These fractures were

then averaged over each 5 foot interval to generate a fractures per foot curve
for the well bore for the cored interval (Appendix E).

The Latuszek Bl-32

well was drilled directionally through the cored interval at an angle deviated
from vertical that averaged 37°. The fractures per horizontal foot of the well
bore were also calculated to determine lateral fracture spacing and frequency
(Appendix E).

The fractures per horizontal foot were plotted as a fracture

frequency log and correlated to the well’s Gamma Ray and Dual Laterlogs
(Figure 37).
The Dual Laterlog include a Micro Spherically Focused Log (MSFL)
that reads micro-resistivity, the Laterlog Deep (LLD) that reads deep
resistivity, and the Medium Laterlog (M LL) that reads intermediate resistivity
(Barharlou, 1985).

Micro-resistivity in a fractured reservoir would be an

indicator of permeability.

The more fractured the interval, the higher the

invasion of drill fluids, and the greater the variability of the micro-resistivity
response.
Figure 37 shows that there is good correlation between fracture
frequencies and lithofacies.

The black shale lithofacies have high fracture
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frequencies and the gray shale lithofacies have low fracture frequencies.
There is also a good correlation between fracture frequencies and resistivity.
Separation between the MSFL and the LLD and M LL in the positive direction
is an indication of high permeability.

The best separation of these curves

occurs in the Charlton Black Shale interval, where the fracture curve is
consistently the highest

Where there is separation in the negative direction

between the MSFL and the LLD and MLL, the fracture curve is the lowest,
indicating low permeabilities.

Fracture Orientations for the St Chester 18 Core

The distribution and orientations of natural fractures for the black shale
lithofacies are shown in Figure 38. The prominent fracture orientations for the
Black Shale lithofacies are northeast-southwest and northwest-southeast The
fractures correspond to a set of conjugate joints that are parallel and
perpendicular

to

the

contemporary

(Haimson, 1978; Holst and Foote, 1981).

compressive

horizontal

stress

The fracture orientations for the

Gray Shale lithofacies (Figure 39) are different than those of the Black Shale
lithofacies. The prominent fracture orientation for the Gray Shale lithofacies
is east-west The east-west fracture orientations appear to correspond to a set
of conjugate joints that formed during a Late Paleozoic paleo-stress field
associated with the Alleghenian Orogeny (Versical, 1990).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

108
FRACTURE ORIENTATION
AND FREQUENCY
CORE GR

DEPTH

FEET
CORED
INTERVAL

ELLSWORTH
FORMATION

CHESTER BLACK
SHALE MEMBER

CRAPO CREEK
BLACK SHALE
MEMBER

CHARLTON BLACK
SHALE MEMBER

MUD LAKE GRAY
SHALE MEMBER
TRAVERSE
LIMESTONE

Figure 38. Fracture Orientations and Frequencies of Black Shale
Lithofacies Measured From the SL Chester 18 Core.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

FRACTURE ORIENTATION
AND FREQUENCY

$ <r

_ jl CORE GR 4jj^n DEPTF
FEET

■

.................

—

3 ------------- -

14(1

ELLSWORTH
FORMATION

IUQ
CHESTER BLACK
SHALE MEMBER

•?:;r

%
..

-

1UI

.js: ....................
CRAPO CREEK
GRAY SHALE MEMBER

• -V -...................

CHARLTON
SHALE MEMBER

IUI

MUD LAKE GRAY
SHALE MEMBER
TRAVERSE LIMESTONE

.................. —

...................................
C .v .v .v .v .v .v .v

Figure 39. Fracture Orientations and Frequencies of Gray Shale
Lithofacies Measured From the St Chester 18 Core.

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

Observation of Fractures From Outcrop

One of the best outcrop exposures of the Kettle Point Shale is at Kettle
Point, Ontario, Canada.

The Kettle Point Formation and the Antrim

Formation are stratigraphically correlative units (Ells, 1979). The exposure of
the Kettle Point Shale at Kettle Point, Ontario occurs on a small peninsula
along

the

eastern

(Wilkinson, 1987).

shore

of

Lake

Huron

and

is the

type

section

The exposure is quite small, with less than 10 feet of

vertical section exposed and is only a few hundred feet wide.

The section

exposed is the basal section of the Kettle Point Shale (basal portion of the
Antrim Formation) and is composed primarily of the Antrim Formation black
shale lithofacies.

Only a few beds of gray shale are present and they are

generally weathered out
What is most notable about this exposure are the presences of conjugate
joint sets with orientations roughly of: N30°W 85°SW and N65°E 82°NW
(Figures 40 and 41).

Most of the walls of the exposure are near vertical,

planar and have one of these two joint orientations.

Both Figures 40 and 41

show that the exposure has a stair-step appearance created by the joints’
relatively even spacing and parting along unique bedding planes. Some of the
joint surfaces occur as continuous walls from the base of the exposure to the
top, forming walls as high as 5 feet tall.

Much of the beach adjacent to the

vertical exposure is composed of exposed bedding planes of the Kettle Point
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Figure 40. Photos of the Kettle Point Shale Outcrop, Kettle Point,
Ontario, Canada, Showing the Geometry of the Natural
Fractures.
A and B. Note the regular spacing and stair-step appearance of the
exposure and the nearly vertical, planar, fracture surfaces. B. Note the
large carbonate concretion in the foreground.
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Figure 41. Photos of the Kettle Point Shale Outcrop, Kettle Point,
Ontario, Canada, Showing the Geometry of the Natural
Fractures.
A. Note the regular spacing and stair-step appearance of the exposure and
the nearly vertical, planar, fracture surfaces. B. Note the beds deformed
around the concretion in the foreground and note the regular spacing of
the fractures.

i

Shale (Figure 41).

Where this occurs, the horizontal geometry of the joint

system can be readily observed.

Based on the measurement of 24 sets of

joints, along the northwest-southeast trend of joints, the average spacing
between fractures is 27 inches, and along the northeast-southwest trending
joints, the average spacing between fractures is 31 inches (Table 3).

Table 3
Fracture Geometry Data of the Kettle Point Shale,
Kettle Point, Ontario, Canada
Mean
Range

Fracture Number
Orientation

Spacing
Measured

NW-SE

24

16 - 60

27

14

NE-SW

24

15 - 67

31

9

Standard
Deviation

Fracture Geometry in the
Subsurface and Outcrop

Knowledge of the geometry of the natural fracture system is important
when considering sophisticated well stimulation treatments and horizontal
drilling programs.

Based on both the outcrop and subsurface data base

(Appendix E and Table 3), it appears that the fractures that occur in the
Antrim Formation are primarily the result of two sets of conjugate joints. In
Otsego County the black shales appear to have fractures orientations which are
primarily northwest-southeast and northeast-southwest, and the gray shales
primarily have orientations East-West and North-South.

The orientations of
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the joints at Kettle Point, Ontario, Canada are N30°W 85°SW and N65°E
82°NW.

The fracture frequencies in the subsurface were generally much

higher than those measured in outcrop. The fracture frequencies measured in
subsurface were generally greater than 1 fracture per horizontal foot over the
entire interval of the Latuszek Bl-32 well and were as high as 6 fractures per
foot The average horizontal fracture spacing in outcrop was measured to be
29 inches, or 0.4 fractures per horizontal foot

The section measured in

outcrop was approximately 10 feet high, where as the section in the Latuszek
Bl-32 well was 250 feet of measured depth or 200 feet of vertical thickness.
What can be concluded from these observations is that the fracture spacing in
the Antrim Formation is relatively close, generally at least one fracture per
foot and the primary fracture orientations in the black shale intervals are
roughly northwest-southeast and northeast-southwest

Fracturing Related to Mineralogy

The black shales are more quartz-rich and are much more brittle than
the carbonate-rich gray shales (Figure 20), thus the black shales would be
much more susceptible to fracturing than the gray shale lithofacies at the
present-day state of lithification.

If the fracture orientations of the black

shales lithofacies result from the contemporary compressive horizontal stresses
in the basin, then the fractures are relatively young compared with the
fractures in the gray shale lithofacies.

The East-West and North-South
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fractures in the gray shale lithofacies appear to be the result of compressive
stresses in the Late Paleozoic. The general lack of these fracture orientations
in the black shales may indicate that during their early history, the gray shales
were more brittle than the black shales.

A review of the diagenetic history

of the Miocene Monterey Formation of coastal California may provide some
insight into how this could happen.
The Miocene Monterey Formation of California is a biogenic, siliceous,
deep water marine sediment It has been demonstrated that in the Monterey
Formation there is a two phase transformation of silica cement from
amorphous opal (opal-A) to quartz (Isaacs, 1981).
goes from

opal-A to

opal-CT

The first transformation

(cristobalite-tridymite)

and the second

transformation is from opal-CT to quartz. The Monterey is a very prolific oil
source and reservoir, the reservoirs are primarily composed of fractured cherts.
Because the sediments of the Monterey are so young, the diagenetic gradient
from opal-A to quartz can be observed.

Amorphous opal undergoes ductile

deformation thus does not fracture, thus the fractured cherts are only found
in sediments where the transformation of opal-A to opal-CT has already
occurred (Isaacs and Belfield, 1987).
The Antrim Formation is a siliceous shale and the silica is most likely
of biogenic origin (Hathon, 1980).

It is reasonable to assume that the same

two phase transformation of silica cement of the Monterey Formation has
taken place in the Antrim Formation.

If this did occur, then the
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transformation would have taken place over a much longer period of time in
the Michigan Basin where thermal gradients are and have been much lower
than in the thermally and tectonically active setting of coastal California. One
possible explanation for the presence of fractures that developed in a Late
Paleozoic stress field in the gray shale but are not present in the black shale
is that carbonate cement had formed in the gray shales making them lithified
and subject to some fracturing. The transformation of opal-A to opal-CT to
quartz, however, had not occurred until after the stress field had changed,
making the black shales ductile and unable to be fractured under this ealier
stress field.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

The Antrim Formation has been subdivided into four members; from
oldest they are: the Mud Lake Gray Shale, Charlton Black Shale, Crapo Creek
Gray Shale, and Chester Black Shale Members.

The Antrim Formation

contains two lithofacies, a black shale and a gray shale lithofacies.

The

members are made up of the respective lithofacies. The black shale lithofacies
is primarily composed of quartzose, organic-rich, thinly-laminated black shale
beds containing abundant pyrite nodules.

The black shale lithofacies is the

primary source rock within the Antrim. The gray shale lithofacies is primarily
composed of carbonate-rich, organic-lean, moderately to intensely bioturbated
gray shale beds with abundant carbonate concretions.
The black shale lithofacies is composed primarily of quartz, illite,
chlorite, kaolinite, muscovite, pyrite, and sparse dolomitic concretions.

The

gray shale lithofacies is composed primarily of calcite, dolomite, quartz, the
clays of the black shale lithofacies, muscovite, and sparse concretions of pyrite.
The black shales contain up to 50% quartz, whereas the predominant mineral
component in the gray shales is calcite.
The black shale lithofacies is very organic-rich, containing as much as
14% TOC.

Based on Modified Van Krevelen analysis and linear regression
117
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plots of S2 versus TOC from Rock-Eval Pyrolysis data, the black shale
lithofacies appears to have a predominantly type 1 kerogen assemblage. The
gray shale lithofacies is comparatively organic lean, with TOC values as low
as 0.15%, averaging about 0.5%. The gray shale lithofacies appears to contain
a predominantly type II kerogen assemblage.

The gray shale kerogen

assemblage is probably type I material that has been degraded to type II
rather than being of original type II composition.
Both the Tmax values, which range between 429°C and 440“C, and
vitrinite reflectance values (Ro), which are between 0.41-0.46%, suggest that
the thermal maturation of the Antrim Formation is only marginal for the
production of hydrocarbons. The physical observations of oil residue, coupled
with the relatively high SI values and the Tmax range suggest that the Antrim
Formation has at least entered the very top of the oil window, and is capable
of generating early gas and some minor amounts of liquid hydrocarbons.
Isotopic analyses of Antrim-produced gas show that the Antrim gas is of
catagenic rather than biogenic origin, is dry, and is early catagenic gas formed
at temperatures lower than those that would have caused significant cracking
of hydrocarbons to produce oils. The thermal maturation levels suggested by
the Tmax values and the isotopic analyses of the gas samples appear to be
correlative, suggesting that the Antrim is the probable source as well as the
reservoir for the gas.
The underlying Traverse Limestone was deposited in a normal marine
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carbonate system.

Deposition of the Antrim Formation represents a change

from normal carbonate marine conditions to a elastically dominated system
which was sustained through the rest of the Devonian and Early Mississippian.
The Antrim Formation appears to have been deposited in an oxygen-stratified
basin with a fluctuating pycnocline.
The sedimentologic textural evidence, which includes a general paucity
of macrobenthic bioturbation, high TOC content, and the organic facies found
in the black shale lithofacies all suggest that the black shale was deposited in
the anoxic portion of an oxygen stratified basin. The lipid rich, type 1, organic
facies of the black shale lithofacies could only have been preserved in the
quantities that exist in the Antrim Formation if they were deposited under
anoxic conditions.

The high degree of macrobenthic bioturbation as well as

the weathered kerogen assemblage demonstrate that the gray shale lithofacies
were deposited under oxygenated to dysoxic conditions.

The overlying

Ellsworth Formation appears to have been deposited in a slightly different
system, where periods of high productivity and low productivity rapidly
fluctuated, possibly as the result of annual productivity fluctuations
The fractures in the Antrim Formation result from two sets of conjugate
joints.

There is a prominent set of northwest-southeast and northeast-

southwest trending conjugates which are primarily present in the black shale
lithofacies and appear to result from the contemporary horizontal compressive
stress in the basin.

A minor set of east-west and north-south trending
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conjugates also exists, primarily in the gray shale lithofacies and appears to
result from a Late Paleozoic paleo-stress field.

The differences in the joint

direction suggest that the early diagenetic history of the black shales was such
that they were less brittle in their early history than the gray shales.

The

black shale lithofacies are now much more heavily fractured than the gray
shale lithofacies. The difference in amount of fracturing is probably the result
of the mineralogy of the two lithofacies; the high quartz content of the black
lithofacies would make it much more brittle than the quartz-poor, carbonaterich, gray shale lithofacies.
Frequencies of fractures were measured in two wells; one data set is
from the St Chester 18 well, where the fractures measured in the core of a
vertical borehole.

The other data set, from the Latuszek Bl-32 well, a

directional borehole, is from a Formation Micro Scanner Log which records
the micro-resistivity of the well bore sidewall.

The data set from the St

Chester provides insight into the vertical spacing of near vertical fractures
within the confines of the 4 inch core.

The Latuszek Bl-32 well was drilled

at a 37° angle, and, by assuming that the fractures are near vertical, horizontal
fracture spacing data can be derived.

Both data sets demonstrate that the

black shales are heavily fractured and that the gray shales are only slightly
fractured.

Furthermore, the Latuszek Bl-32 data set demonstrates that the

horizontal fracture spacing in the black shale lithofacies averages about one
fracture every 3 inches and is as high as one fracture every 2 inches. Because
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the rock matrix is very tight, the fractures provide the permeability needed for
the gas to migrate to the well bore from the matrix pore network and the
fractures may provide significant reservoir storage capacity.

Being able to

predict the pattern and distribution of fracturing is very important for
completion techniques.

There is good correlation between fracturing and

positive separation between the MSFL curve and the MLL and LLD curves
on the Dual Laterlogs of the Latuszek Bl-32 well demonstrating that the Dual
Laterlogs could be a good predictive tool for picking fractured intervals. I n
conclusion, the organic-rich black shale lithofacies are the source and reservoir
for the natural gas production found in the Antrim Formation.

The black

shale lithofacies are quartz-rich, making the shales very brittle and heavily
fractured.

The gray shales are organic-lean and carbonate-rich, allowing the

units to undergo more ductile deformation and less fracturing.

The Antrim

Formation is thermally immature in the Otsego County area, but the
maturation level is sufficient to catagenically source the natural gas production
which presently exists.
From a natural gas production standpoint, the most important factors
to consider for the Antrim Formation are the total organic content and the
amount of natural fracturing--it is fortuitous that the most organic-rich beds
tend to be the most heavily fractured.
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Future Work

This has been a preliminary investigation of the Antrim Formation. It
has identified the lithofacies within the Antrim Formation, revised the
stratigraphy, documented the mineralogic variations, investigated the kerogen
assemblage and thermal maturation and hydrocarbon generation potential, and
identified the fracture patterns.

The study was intended to address the

geological controls on natural gas production in the Antrim Formation in
Otsego County, Michigan.
subject

This study has only brushed the surface of this

Future work to address this question should focus on the reservoir

properties, petrography, shale fabric, detailed lithologic variations and
relationship between petrophysics and rock properties.
The Antrim Formation should also be looked at on a basin-wide scale.
An interesting and important approach that could be used to address the
question of where else in the basin the Antrim Formation will produce gas
and possibly oil would be to map out TOC variations and prepare a basinwide cross section of thermal maturities.

Basin-wide cross sections of

mineralogic variations within each lithofacies would also be important to track
the quartz content

This would also give an indication of fracturability.

The reservoir properties need to be characterized from a geologic stand
point

Because it is a shale that is being dealt with, standard petrographic

approaches are not effective. One approach would be to employ petrographic
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image analysis to fluorescent epoxy impregnated thin sections.

Using this

technique, the porosity will fluoresce and can be quantified. The pore system
can also be characterized using this technique. Presently very little is known
about the pore system.
There is much still to learn about the geology of the Antrim Formation.
To more effectively produce natural gas from the current production area and
to explore for Antrim gas or oil in other parts of the basin, further
investigations are warranted.
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Wolverine Club 4-40
(EGSP MI-1)
Permit # 33405
NW/SW/SE Sec 35 31N OIW
Charlton Twp., Otsego Co., MI
Cored interval 1290-1393
Murrell Welch St Chester 1-18
(EGSP MI-2)
Permit # 33875
SW/SE/NW Sec 13 29N 02W
Chester Twp., Otsego Co., MI
Cored interval 1435-1684
Stevens #1-12
(EGSP MI-3)
Permit # 37707
SE/NW Sec 12 30N 3W
Bagley Twp., Otsego Co., MI
Cored interval: 1424-1475
Ward Lake Drilling Co.
Latuszek Bl-32
Permit # 41559
Surface Location: NW/SW/NW Sec. 32
Subsurface Location: NE/SW/NW Sec. 32
T30N R01W
Charlton Twp., Otsego Co., MI
Cored interval: 1504.7-1759.5 Feet
Muskegon Development Co.
St. Charlton A4-17
Permit # 41753
Location: N E /N E /N E Sec. 17 T29N R01W
Charlton Twp., Otsego Co., MI
No Core
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Muskegon Development Co.
SL Charlton Bl-17
Permit # 41754
Location: NE/SW /NW Sec. 17 T29N R01W
Charlton Twp., Otsego Co., Ml
Well cuttings with organic geochem. data
No Core
Blahowiak D2-19
Permit # 41653
Location: SW/SE/SW Sec. 19 R31N T02W
Dover Twp., Otsego Co., MI
Produced Natural Gas Samples,
Dover Sec. 19 Field
No core.
BWRD
B3-25
Permit # 41088
Location: NW /SW /NE Sec. 25 R19N T02W
Chester Twp., Otsego Co., MI
Produced Natural Gas Samples,
Chester South Sec. 25 Field
No core.
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X-Ray Diffraction Data From the
St Chester 18 Core
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Appendix B

Uncorrected Peak Height Intensities
Depth

Quartz

111

Chi

Cal

Dol

Pyr

1439.7
1440.0
1441.0
1444.0
1448.3
1454.8
1456.5
1465.0
1473.3
1476.2
1480.45
1484.3
1486.0
1486.1
1486.25
1493.0
1494.7
1499.7
1502.6
1508.4
1512.0
1518.0
1518.7
1523.7
1527.1
1532.7
1536.8
1544.95
1553.7
1554.2

27.0
25.0
22.0
25.0
20.0
27.0
25.0
23.0
23.0
24.0
36.0
43.0
40.0
35.0
38.0
35.0
43.0
35.0
40.0
32.0
39.0
4.0
8.0
32.0
39.0
35.0
28.0
35.0
14.0
20.0

15.12
16.0
14.96
12.0
10.0
12.96
12.0
11.96
9.89
12.96
9.0
12.04
11.2
18.55
12.54
17.15
16.77
12.95
13.2
12.8
9.75
3.0
5.04
12.16
14.04
10.85
12.04
10.15
5.04
9.0

12.96
17.0
14.96
12.0
10.0
9.99
11.0
8.05
8.05
10.08
6.84
9.03
7.6
14.35
14.06
12.95
12.47
9.8
6.4
10.88
6.63
0.0
5.04
8.0
8.97
7.0
5.88
7.0
1.96
6.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
99.96
0.0

18.09
9.0
7.92
30.0
19.0
27.0
12.0
31.97
25.07
17.04
9.0
9.89
11.2
5.25
14.06
9.3
11.18
35.0
3.6
27.52
0.0
100.0
100.0
2.88
3.12
0.0
0.0
3.85
8.96
7.0

2.97
4.0
0.0
4.0
4.0
4.05
4.0
3.91
5.06
5.04
7.92
6.88
11.2
9.1
15.2
9.1
11.18
0.0
5.6
5.44
6.63
0.0
0.0
14.08
8.19
10.15
8.96
8.05
0.98
12.0
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Uncorrected Peak Height Intensities
Depth
1557.2
1562.7
1567.2
1570.1
1572.7
1572.9
1573.0
1577.5
1582.0
1586.68
1591.8
1599.0
1604.3
1606.7
1613.8
1618.7
1623.2
1626.75
1632.0
1636.1
1642.2
1645.4
1651.0
1656.0
1662.6
1665.7
1671.8
1672.3
1678.2
1682.1

Quartz

111

33.0
28.0
44.0
33.0
26.0
32.0
32.0
23.0
10.0
9.0
23.0
28.0
33.0
41.0
38.0
51.0
34.0
32.0
20.0
26.0
24.0
36.0
24.0
24.0
23.0
10.0
26.0
25.0
9.0
15.0

11.88
8.12
11.88
8.91
7.8
8.64
8.96
9.89
8.0
6.93
9.89
10.08
8.91
11.89
9.12
9.18
8.84
8.0
8.0
9.1
9.12
15.84
9.12
6.96
8.05
4.0
9.1
14.0
5.04
7.95

111 = Illite
Dol = Dolomite

Chi = Chlorite
Pyr = Pyrite

Chi
6.93
3.08
7.04
5.94
6.24
8.64
6.08
8.05
6.0
6.93
6.9
7.0
6.93
6.15
4.94
8.16
5.1
4.16
6.0
5.98
6.96
7.92
5.04
5.04
6.9
4.0
5.98
8.0
3.96
6.0

Cal

Dol

Pyr

0.0
0.0
7.04
23.1
23.4
54.4
57.6
11.04
14.0
99.0
17.94
33.88
0.0
0.0
0.0
0.0
18.02
2.88
55.0
37.96
35.04
54.0
49.92
54.0
45.08
100.0
46.02
85.0
99.0
100.05

2.97
29.12
7.92
13.86
14.04
20.8
12.8
2.99
5.0
0.27
8.97
8.12
0.0
0.0
4.18
0.0
5.1
6.08
5.0
4.94
9.12
14.04
21.84
6.96
3.91
17.0
16.9
35.0
9.0
4.95

8.91
5.04
2.2
2.97
3.12
0.0
0.0
4.0
3.0
0.0
3.91
0.0
8.91
11.07
4.94
8.16
4.08
2.88
2.0
0.0
4.08
3.96
4.08
1.92
5.06
2.0
3.12
0.0
2.97
4.95

Cal = Calcite
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Rock-Eval Pyrolysis Data for Sample From the
Latuszek Bl-32, St Chester 18,
and Club 4-40 Cores
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Appendix C

Latuszek Bl-32 Data
Depth
(ft)
1505.5
1509.7
1514.7
1526.0
1531.0
1536.5
1541.5
1546.5
1552.0
1563.2
1568.5
1573.5
1578.4
1585.6
1593.5
1598.4
1603.7
1608.0
1613.3
1618.5
1623.5
1628.4
1633.3
1638.3
1643.3
1649.0
1654.6
1659.6
1664.4
1669.3
1674.5
1679.4
1684.5

TOC SI
(%)
1.23
0.65
1.46
1.94
5.52
5.15
5.14
5.95
7.38
8.58
9.68
7.19
8.76
9.22
5.01
6.13
9.18
7.43
11.06
6.20
6.70
10.17
8.34
4.89
0.21
0.49
0.33
1.29
2.17
0.30
1.11
2.01
5.20

0.97
0.27
0.77
1.17
3.61
3.30
3.56
3.74
5.20
5.99
6.76
4.78
5.44
5.00
3.49
3.22
5.57
4.59
6.09
3.28
3.88
6.91
4.30
2.58
0.06
0.13
0.22
0.60
0.96
0.07
0.48
1.01
2.42

S2

S3

4.81
1.55
5.82
9.28
35.22
39.30
32.42
36.22
46.85
52.62
64.09
47.49
59.24
64.44
32.31
39.19
68.08
48.27
80.15
36.70
44.04
64.91
56.07
36.89
0.11
1.32
0.31
4.80
12.72
0.26
3.72
10.81
37.02

0.63
0.61
0.55
0.55
0.42
0.44
0.51
0.52
0.55
0.53
0.53
0.40
0.65
0.76
0.66
0.59
0.52
0.59
0.61
0.57
0.60
0.64
0.66
0.61
0.81
0.51
0.71
0.67
0.66
0.53
0.59
0.50
0.59

HI

01

391
238
399
478
638
763
631
609
635
613
662
661
676
699
645
639
742
650
725
592
657
638
672
754
052
269
094
372
586
087
335
538
712

51
94
38
28
8
9
10
9
7
6
5
6
7
8
13
10
6
8
6
9
9
6
8
12
386
104
215
52
30
177
53
25
11

Trans
Tmax
Ratio (deg C)
0.17
0.15
0.12
0.11
0.09
0.08
0.10
0.09
0.10
0.10
0.10
0.09
0.08
0.07
0.10
0.08
0.08
0.09
0.07
0.08
0.08
0.10
0.07
0.07
0.35
0.09
0.42
0.11
0.07
0.21
0.11
0.09
0.06
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434
437
438
436
433
436
431
435
433
432
434
434
434
439
429
435
435
436
437
432
433
433
437
436
433
439
430
437
436
430
438
435
437
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Latuszek Bl-32
Depth
(ft)

1689.5
1694.5
1699.5
1704.4
1710.4
1715.7
1720.4
1725.4
1735.3
1740.4
1745.5
1750.5
1755.4

TOC
(%)

10.62
14.28
8.30
1.24
10.73
1.87
12.56
0.72
0.88
0.89
0.88
0.29
0.30

SI

S2

S3

HI

OI

4.75
6.92
5.25
0.46
6.23
1.46
8.25
0.52
0.43
0.61
0.51
0.08
0.06

89.24
107.83
60.09
6.73
76.23
9.53
75.72
2.02
2.56
2.79
2.54
0.43
0.19

0.88
0.90
0.51
0.37
0.82
0.37
0.87
0.47
0.66
0.62
0.56
0.32
0.31

840
755
724
543
710
510
603
281
291
313
289
148
63

8
6
6
30
8
20
7
65
75
70
64
110
103

S2

S3

HI

OI

0.12
7.76
24.71
31.20
0.42
0.17
0.11
5.59
0.16

0.40
0.77
0.78
0.64
0.73
0.60
0.48
0.98
0.94

80
406
531
563
162
113
92
396
89

267
40
17
12
281
400
400
70
522

Trans
Tmax
Ratio (deg C)

0.05
0.06
0.08
0.06
0.08
0.13
0.10
0.20
0.14
0.18
0.17
0.16
0.24

435
433
434
443
437
429
435
435
438
440
436
431
431

St Chester 18 Data
Depth
(ft)
1440.4
1444.0
1486.0
1493.0
1573.0
1579.0
1586.7
1645.4
1672.3

TOC
(%)
0.15
1.91
4.65
5.54
0.26
0.15
0.12
1.41
0.18

SI

0.06
0.91
3.23
3.30
0.09
0.06
0.04
0.48
0.04

Trans
Tmax
Ratio (deg C)
0.33
0.10
0.12
0.10
0.18
0.26
0.27
0.08
0.20
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398
438
431
433
428
427
431
441
431
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Club 4-40 Data
Depth
(ft)

( %)

1292.0
1310.2
1328.7
1346.0

0.26
11.62
0.54
0.52

TOC

SI

0.07
5.76
0.16
0.23

S2

S3

HI

OI

0.36
85.71
1.40
1.70

0.34
0.95
0.32
0.29

138
738
259
327

131
8
59
56

Trans
Tmax
Ratio (deg C)
0.16
0.06
0.10
0.12

427
432
436
437

TOC = Total Organic Carbon
HI = Hydrogen Index = (S2/TOC) X 100
OI = Oxygen Index = (S3/TOC) X 100
Trans = Transformation Ratio = SI /(SI + S2)
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Gas Sample Analyses Data
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BWR "D"
# 2-19

# 3-25

6.26%

6.44%

c,

90.38%

82.30%

n
o

Appendix D

Blahowiak "D"

2.61%

3.89%

Q

0.75%

4.71 %

K*

N2 and
(or) air

c3

Not Available

1.74%

,C4

Not Available

0.37%

nQ

Not Available

0.22%

c,/c,5
5I3C,

0.9918

0.9178

-48.43 ppt

-49.45 ppt
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Appendix E
Fracture Frequency Data From the Latuszek Bl-32
Formation Micro-Scanner Log
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Appendix E

Depth
1502.5
1507.5
1512.5
1517.5
1522.5
1527.5
1532.5
1537.5
1542.5
1547.5
1552.5
1557.5
1562.5
1567.5
1572.5
1577.5
1582.5
1587.5
1592.5
1597.5
1602.5
1607.5
1612.5
1617.5
1622.5
1627.5
1632.5
1637.5
1642.5
1647.5
1652.5
1657.5
1662.5
1667.5
1672.5
1677.5
1682.5

Frac
2
2
1
4
4
16
15
7
15
15
14
6
11
1
12
10
21
9
8
13
9
5
6
9
3
4
11
2
1
0
0
2
4
2
2
5
8

Frac-hz
0.66
0.66
0.33
1.33
1.33
5.33
5
2.33
5
5
4.66
2
3.66
0.33
4
3.33
7
3
2.66
4.33
3
1.66
2
3
1
1.33
3.66
0.66
0.33
0
0
0.66
1.33
0.66
0.66
1.66
2.66

Frac-vert
0.5
0.5
0.25
1
1
4
3.75
1.75
3.75
3.75
3.5
1.5
2.75
0.25
3
2.5
5.25
2.25
2
3.25
2.25
1.25
1.5
2.25
0.75
1
2.75
0.5
0.25
0
0
0.5
1
0.5
0.5
1.25
2
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Depth
1687.5
1692.5
1697.5
1702.5
1707.5
1712.5
1717.5
1722.5
1727.5
1732.5
1737.5
1742.5

Frac
15
12
16
9
9
3
3
3
9
6
8
3

Frac-hz
5
4
5.33
3
3
1
1
1
3
2
2.66
1

Frac-vert
3.75
3
4
2.25
2.25
0.75
0.75
0.75
2.25
1.5
2
0.75
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